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palavras -chave

resumo

Biodiesel, Propriedades Termodinamicas, Densidade, Viscosidade,
Modelacao, Esteres Etilicos e Metilicos de Acidos Gordos.

O consumo de energia a nivel mundial aumenta a cada dia, de forma inversa
aos recursos fosseis que decrescem de dia para dia. O sector dos transportes
€ 0 maior consumidor deste recurso. Face ao actual cenario urge encontrar
uma solugdo renovavel e sustentavel que permita ndo sé, diminuir a nossa
dependéncia de combustiveis fésseis mas fundamentalmente promover a sua
substituicdo por energias de fontes renovaveis. O biodiesel apresenta-se na
vanguarda das alternativas aos combustiveis derivados do petréleo, para o
sector dos transportes, sendo considerado uma importante opcdo a curto
prazo, uma vez que O Sseu preco pode ser competitivo com o diesel
convencional, e para a sua utilizacdo o motor de combustdo ndo necessita de
alteracdes. O biodiesel € uma mistura liquida, ndo téxica, biodegradavel de
ésteres de acidos gordos, sem teor de enxofre ou compostos aromaticos,
apresenta boa lubricidade, alto nUmero de cetano, e origina emissdes gasosas
mais limpas.

O presente trabalho contribui para um melhor conhecimento da dependéncia
das propriedades termofisicas do biodiesel com a sua composi¢cdo. A
publicacdo de novos dados permitira o desenvolvimento de modelos mais
fiaveis na previsao do comportamento do biodiesel.

As propriedades densidade e viscosidade sdo o espelho da composi¢do do
biodiesel, uma vez que dependem directamente da matéria prima que lhe deu
origem, mais do que do processo de producdo. Neste trabalho os dados
medidos de densidade e viscosidade de biodiesel foram testados com varios
modelos e inclusivamente foram propostos novos modelos ajustados para esta
familia de compostos. Os dados medidos abrangem uma ampla gama de
temperaturas e no caso da densidade também foram medidos dados a alta
pressédo de biodiesel e de alguns ésteres metilico puros.

Neste trabalho também s&o apresentados dados experimentais para o
equilibrio de fases solido-liquido de biodiesel e equlibrio de fases liquido-
liquido de alguns sistemas importantes para a producdo de biodiesel. Ambos
os tipos de equilibrio foram descritos por modelos desenvolvidos no nosso
laboratorio.

Uma importancia especial é dado aqui a propriedades que dependem do perfil
de &cidos gordos da matéria-prima além de densidade e viscosidade; o indice
de iodo e temperature limite de filtrabalidade sao aqui avaliados com base nas
consideracdes das normas.

Os acidos gordos livres sdo um sub-produto de refinacdo de 6leo alimentar,
que sdo removidos na desodoracdo, no processo de purificacdo do 6leo. A
catalise enzimatica € aqui abordada como alternativa para a converséo destes
acidos gordos livres em biodiesel. Estudou-se a capacidade da lipase da
Candida antartica (Novozym 435) para promover a esterificacdo de acidos
gordos livres com metanol ou etanol, utilizando metodologia de superficie de
resposta com planeamento experimental. Avaliou-se a influéncia de diversas
variaveis no rendimento da reaccéo.






keywords

abstract

Biodiesel Fuel, Thermodynamic Properties, Density, Viscosity, Modelling, Fatty
Acid Ethyl and Methyl Esters.

World energy consumption rises every day and, inversely, fossil fuel resources
are dwindling day by day. Transportation sector is the bigger consumer of oil.
Faced with the actual scenario a renewable and sustenable alternative is
needed, not just to decrease our dependence of petroleum but also to base our
power in a renewable source. Biodiesel is at the forefront of the alternatives to
petroleum based fuels in the transportation sector, being considered an
important short-time option since its price can be competitive with conventional
diesel and no motor changes are required. Biodiesel consists on a liquid blend
of, non toxic, biodegradable fatty acid esters, with non sulfur and aromatic
content, good lubricity, high cetane number, nontoxic character of their exhaust
emissions and cleaner burning.

Aiming at tuning biodiesel to optimize the fuel composition, the present work
contributes for a better knowledge of de depencende of thermophysical
properties of biodiesel on their compositon. New data is required to help in the
development of reliable models to predict biodiesel behavior.

Density and viscosity data are a mirror of biodiesel composition, as both
depend on the raw material, more than the production process. New data of
density and viscosity were measured and respective models were tested and
compared, and new adjusted parameters proposed for this family of
compounds. The measured data include a wide range of temperatures and in
the case of density data were also measured at high pressure for biodiesel and
some pure methyl esters.

This work also reports experimental data for the solid-liquid-phase equilibria of
biodiesel and, liquid-liquid equilibria of some important systems in biodiesel
production. Both type of equilibria were described with models developed in
our laboratory.

A special importance is here given to properties that depend on fatty acid
profile of raw material besides density and viscosity; the iodine value, and cold
filter plugging point are here evaluated based on norm considerations.

Free Fatty Acids (FFA) are a by-product in edible oil refining, that are removed
in the deodorizing step on oil purification. Enzymatic catalysis is here studied
as an alternative to convert this by-product into biodiesel. The ability of
immobilized lipase from Candida antartica (Novozym 435) to catalize the
esterification of FFA with methanol and ethanol were evaluated using response
surface methodology with an experimental design. Influence of several
variables were evaluated in the yield of reaction.
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General Context






With the depletion of oil resources as well as tlegative environmental impact
associated with the use of fossil fuels, there isrewed interest in alternative energy
sources. Since the world reserves of fossil fuals @w materials are limited, active
research interest has been focusing in nonpetrgleemewable, and nonpolluting fuels.
Biofuels are one of the most important alternaswarce of energy for the foreseeable
future and can still form the basis of sustainaaeelopment in terms of socioeconomic
and environmental concerns. Biodiesel appears toabpromising future energy

sources.

Biodiesel derived from oil crops is a potentialeamble and carbon neutral alternative
to petroleum fuels. Chemically, biodiesel is a malkgl ester of long chain fatty acids
derived from renewable feed stock like vegetable and animal fats. It is obtained by
the transesterification reaction between oil orailadl a monohydric alcohol in presence
of a catalyst. Biodiesel has to fulfill quality stiards which are compiled in the norm
that specify minimum or maximum requirements arsdl teethods to evaluate biodiesel
qguality. In Europe the biodiesel fuel standards ewenpiled in the norm CEN EN
14214, and in USA in the norm ASTM D6751. Somehafse properties depend on the
raw materials used on the biodiesel fuel productind as a consequence on the fatty
acid esters profile of biodiesel fuel. Differendeschemical and physical properties
among biodiesel fuels can be explained largelyheyftiels’ fatty acid content.

For technical reasons, political and economic petida of biodiesel obeying the
required quality standards cannot be made fromsorgde oil but only from mixtures of
oils. The main goal of this work is to develop t&las between the oils composition
and the final characteristics of the biodiesel Wwhindicate the most appropriated
formulation for a biodiesel fuel. Nevertheless, #revironmental conditions can limit
biodiesel utilization, as some specific norm pararse differ between regions and

seasons (winter and summer).



This work was motivated by the lack of informatiom the thermophysical properties
of biodiesel fuel and their dependency on the ft@hposition. Unlike diesel fuels,
biodiesels are composed by a limited number of @amgds, which allows the study of
the properties of each individual compound and deselopment of relationships
between them and the fuel properties. It was tleessary to study the thermophysical
properties of the components of biodiesel, nameéthyl and ethyl esters of long
saturated and unsaturated alkyl chains (C8-C22}hig work the focus was on the
densities and viscosities of the biodiesel fueld #eir components. These properties
were measured not just at temperatures set in ¢nesy but in a wide range of
temperatures from 278K to 363K. Concerning the idgtise influence of pressure has
been also studied.

Some biodiesel specifications involve biodiesefgrenances at low temperature, but
there is little information about the low-temperatibehavior of biodiesel fuels. To
overcome this limitation, the liquid- and solid-gsie composition as well as fractions at
temperatures below the cloud point were studied.

Mutual solubilities of fatty acid with water andlsbility of water in biodiesel were
studied due to their importance in biodiesel prdiducand purification. Measurements
were done to help the development of models tordes¢he phase equilibria with
water.

The possibility of using residual fatty acids, ob&al in the process of deodorization
of edible oils as raw material in fatty acid egtenduction was also studied. Given the
limitations of both basic and acid catalysis orstprocess, enzymatic catalysis was

attempted in this work using a commercial lipasenfiNovozymes.

During these last four years of investigation imdBesel Fuels several articles were
produced and published in several internationaknals. Developed work will be
presented through a collection of all produced pap€hey are compiled in chapters

according to their subjects and in the followingen



Section 1: Thermodynamic Properties and Phase Equiilria
Chapter 1 Density and viscosity

'"HQVLWLHV DQG 9LVFRVLWLHV RN KDOWWWHUG OHWK\O DQG (

'"HQVLWLHY DQG 9LVFRVLWLHV R(WRDWWYV WHLEY ORHWKAQRDQW\ &RPSRQ!

%LRGLHVHO
%LRGLHVHO '"HQVLW\ ([SHULPHQWGOFIHROYXUREHQWY DQG 3UH
+LJK 3BUHVVXUH '"HQVLWLHV OHDVXULQJ DQG ORGHOLQJ

(YDOXDWLRQ RI SUHGLFWLYH PEGRGIVHNHIOWKH YLVFRVLW\ R

Chapter 2 Low temperature behavior

OHDVXUHPHQWY DQG ORGHOOLQJ RIHAUWRIGHWHVHO &ROG )ORZ 3UR

Chapter 3 Biodiesel Properties vs Composition

,QIOXHQFH RI HVYWHUV SURILOH LQ ELRGLHVHO SURSHUWLHYV

Chapter 4 Water solubility in biodiesels and fattyacids

'"HVFULSWLRQ RI WKH PXWXDOGWBQ®EAMW WU HA\L WK I\ WHV & BF I(R 6

$QRWKHU ORRN DW WKH ZDWHU)MRWKIEUOH V\H U QP B QRVEILAH WWHDW X UH P H

SUHGLFWLRQ ZLWK WKH &3% (R6

Section 2: Enzymatic Synthesis of Biodiesel

(QJI\PDWLF %LRGLHVHO )XHO 3URGXFWLRQ

The bibliographic references of each paper areepted in the end of the respective

paper; the general bibliography appears at theoétite document.






General

Introduction






The world energy demand is on the riseWorldwide energy consumption is
projected to grow by 53 percent between 2008 arBb2@ith much of the increase
driven by strong economic growth in the developiagjons especially China and India.
In European Union (EU) energy consumption is exgubdb level out in future but
world energy consumption will continue to grow dwoeglobal population growth and

economic catching up as shown in Figure 1.

g 18 000 1 Rest of world
= 16 000 - mmm China
14 000 - s Rest of OECD
12 000 - European Union
10 000 -
8 000 -
6 000 -

4 000
2 000

0 T T T T T T T T T 1
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Figure 1- World energy demant{Mtoe - Million tonnes of oil equivalent)

The EU energy mix is slowly changing. Fossil fustdl represent up to 80% of the
energy mix today. In a “business as usual” scenthh®share may still be 70% by 2030,

but renewable sources are expected to accounnfimceeasing proportion (Figure2y.



Figure 2- EU gross inland consumption in 2008 and a predidio 203(.>

Energy powers our society and econ. Transport and industry consume more t
half of the total final enerc¢in the EU, while a quarter of final energy is comad by

households (Figure 3).

Figure 3- Final energy consumptit in European Uniondistributed by sectoi(2008).?
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The fossil fuel resources are dwindling day by d@jy. is becoming increasingly
scarce and soon will not be able to meet the nunssslemands, arising mainly from the
transport sector. Decline of available oil resera@sl more stringent environmental
regulations have motivated the global interest timeo energy sources. But there are
other ways of fueling our cars??? That questiorairaady been answeré@he use of
vegetable oils for engine fuels may seem insigmfitcoday. But such oils may become
in the course of time as important as the petroleuth coal tar products of the present
time'. This sentence could be pronounced today, but aoting Rudolf Diesel which
had such a visionary idea in 1900. The conceptsofgualternative, renewable energy
was demonstrated by the German engineer at WothibEon in Paris, the first diesel
engine using peanut oil as fuel. The engine wak foxi petroleum and was used with
the vegetable oil without any change. In this calse, the consumption experiments
resulted in heat utilization identical to petroleim

The extremely low cost of mineral oils and theiuatfant supply made research and
development activities on vegetable oil not selpysirsued. These activities only
received attention recently when it was realizeat fhetroleum fuels were dwindling
fast and environment-friendly renewable substitotgght to be identified.

Faced with the energy crisis and environmental atdgjion, due to the massive use of
fossil energy sources, biodiesel became an atteatternative to diesel fuel.

In 2001, the European Commission adopted a polecyptomote biofuels for
transport, and a number of targets were set. Tiegrnated energy and climate change
strategy agreed at the end of 2008 foresees thie shaenewable (such as biofuels) in
total fuel consumption rising to at least 10 % 2@, percentage in energy vafue.

Biodiesel production has increased exponentiallthanlast decade; from worldwide
negligible productions in 1990 its production readlover 2500 million tons in 2008
being biodiesel the most used biofuel in Eurbpe.

Biofuels are a renewable source of energy that Ineaglescribed as 'carbon neutral' as

shown in Figure 4.
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Figure 4- Biodiesel cycl€.

Biodiesel fuel is seen as an alternative to theventional petroleum based fuels in
the transportation sector, being considered asngoritant short-time option as its
prices can be similar to petroleum based fuels mmdnotor changes are required,
reducing the dependency on fossil fuels and cdirtgpbreen house gases emissions.
Biodiesel fuel advantages and applications are es#blished as describ&d**

As a fuel it offers many benefits such as readylabiity, portability, renewability,
domestic origin, lower sulfur and aromatic contdnijdegradability, better ignition
quality, inherent lubricity, higher cetane numbengsitive energy balance, higher
density, greater safety, nontoxic character of rtlethaust emissions and cleaner
burning®>*®

Gasoline and diesel come in the category of noeweble fuel and will last for a
limited period of time. Another important point tisat carbon contained in the fossil
fuel deposits was removed from the atmosphere angliof years ago and has been
locked up within Earth's crust ever since. Whes fossil carbon is put back into the
atmosphere as a result of burning fossil fuelsgpresents a new input of carbon into
the modern atmosphere. These non-renewable fusgdseahit pollutants in the form of
oxides of nitrogen, oxides of sulphur, carbon diexi carbon monoxide, lead,
hydrocarbons, etc. during their processing and U§able 1 presents a brief description

of advantages and disadvantages of the use ofdselduels.
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Table 1- Advantages and disadvantages of biodiesel ftrefs 192

Advantages

Disadvantages

Mitigation  of  greenhouse  gas

emissions, considered carbon neutral.

Biodiesel gels in

problems at low temperatures

cold weathe

Renewable, biodegradable, non toxic

Higher NOx Emissions

Reduce CO,

particles in exhaust emission; do ng

hydrocarbons an

contain Sulfur (reduction of air pollution

and related public health risks)

d Competition between food
t Biodiesel, food shortages and increa

food price

ar

Higher cetane number than standa
diesel

rd Lower calorific power than standa
diesel

rd

Easily blended with standard diesel

Biodiesel has around 11% less ene

Higher lubricity

diesel

content compared to standard petrole

ray
um

Useable in standard diesel engines wi

little or no engine or fuel system
modification (in contrast to other “eco-

fuels” such as hydrogen)

th Affect biodiversity as countries wi

sacrifice their rainforests to build mo

production)

oil plantations (non-sustainable biofu

re

el

Safer to handle and store due to high
flash point than petro-diesel

er Susceptible to water contamination g

bacteriological growth

nd

Reduce dependence on foreig

petroleum, improve energy security an
benefitin

energy independence,

“domestic” economy

0

n Biodiesel degrades the rubber seals

d engines previous than 1996

Having on view the various pro’s and con’s preserite Table 1, no wonder the

number of studies related to biodiesel has growoe&ntially in recent years, as shown

in the Figure 5.
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Figure 5- Exponential increase of publication number perrysace 2000 related to
“biodiesel” theme (based on a search in ISI WelKidwledge with papers, abstracts

and patents included).

Biodiesel refers to the pure fuel before blendirithweat diesel fuel, namely B100.
Biodiesel blends are denoted as “BXX” with “XX” negsenting the percentage of
biodiesel contained in the blend e.g., B20 is 20%iadiesel, 80% of petroleum diesel.

Use of biodiesel can greatly benefit the environtrt®nreducing emissions. Using
biodiesel instead of conventional diesel reducess&ons such as the overall life cycle
of carbon dioxide (C¢) emissions, particulate matter, carbon monoxid#us oxides
(SQ)), volatile organic compounds (VOCs), and unburigdrocarbons. However,
while reducing the aforementioned types of emissionitrogen oxides (N£)
emissions, mostly NO and NQare increased. NOs formed at high temperature in the
combustion chamber when oxygen and nitrogen cortibmaccurs. This type of NO
is generally formed during fuel combustion suchgas or diesel. Nevertheless the
combustion of biodiesel needs more energy (as oxygeresents in mass 11% of
biodiesel) and consequently higher temperaturesptisanote the increase of N&

Figure 6 shows the impact that biodiesel-dieselndde have on emissions.
Photography was taken one minute after start gig,las 4 minutes late in diesel lamp

it was impossible to see the flame.
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DIESEL B100

- Nitrogen Oxides (NOx) - Particulate Matter(PM) - Carbon Monoxide(CO) - Hydrocarbons (HC)

Figure 6- Variation in emissions when substitutes diesdl liiyebiodiesef*

As already mentioned chemically the biodiesel iBiel comprised of mono-alkyl
esters of long chain fatty acids derived from vabkt oils, animal fats, or mixtures of
them. It is usually produced by the transesteffocareaction of triglycerides with a
short chain alcohol, generally methanol or ethamopresence of a catalyst, leading to
the formation of mixtures of fatty acid methyl estéFAMES) or fatty acid ethyl esters
(FAEESs) respectivel§. * The stoichiometry requires 3 mol of alcohol andna! of
triglyceride to give 3 mol of fatty acid esters ahdol of glycerine, as shown in Figure
7, where R, R, and R are alkyl chains derived from fatty acids, whichshcommon
are presented in Table 2, R the alcohol alkyl chaiff.?**

Figure 7- Transesterification reaction for biodiesel prodoiati
The transesterification reaction consists of a eeqe of reversible reactions that

occurs in three different steps, in the presencarofalcohol (A). In the first step,

triglycerides (TG) are converted to diglyceridesG)D which get converted to

15



monoglycedies (MG) in the next step. In the thirdl dast step monoglycerides are
converted to glycerol (G). A mole of esters is ldied at each step, normally hamely
fatty acid methyl esters (FAME). Thus three FAMEege aobtained from one

triglycerides moleculé? Equation [1] to [3] summarizes the reaction of

transesterification.

[1]
[2]
[3]

where to  are the constant rate involved in the kineticgeafctions in biodiesel
development. The reactions are reversible, althahghequilibrium lies towards the
production of fatty acid esters and glycerol. Feg8rshows the concentration profiles of
all components until equilibrium is reached, baseéactions described.

Figure 8 Simulated concentration profile of glycerol (QJi-glyceride (TG), di-
glyceride (DG), mono-glyceride (MG) and fatty aamlethyl ester (FAME) during

transesterificatior®

The transesterification can be performed usingliakaacid, or enzymatic catalysts.

At industrial scale alkaline catalysis reaction vi@rldwide used; while acid and
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enzymatic catalysis have little or no expressiohe Tacid catalysis is slower and
requires higher temperatures; while the enzymaitalgsis suffers from the enzymes
being too expensivé.

There are also two noncatalyzed transesterificgtimtesses, namely BIOX process
and supercritical alcohol process. The BIOX proacksseloped in Canada uses inert co-
solvents that generate an oil-rich one-phase syatetrwith 99% of yield in seconds at
ambient temperature. The supercritical methanol reacts with the oilasingle phase
reaction, the process involves much simpler pwiion of products, has lower reaction
time2°

In alkaline catalysis of biodiesel several factaffect the transesterification reaction
as the type of catalyst, the alcohol/oil molaraatemperature, the reagents purity, the
amount of free fatty acids, the alcohol used are rtfixing, as this is a two phase
reaction?®?’

Methanol is the preferred alcohol due to its lowstcophysical and chemical
advantages in the proc€sdNevertheless, ethanol can prevail in regions whdseless
expensive than methanol, due to its easier progluaind accessibilit§, and higher
chain alcohols have as well been suggeStdtiMoreover, the process is easy to control
and biodiesel purification easier with methanohtfwth heavier alcohol®: An excess
of alcohol is necessary in order to displace tlangesterification reaction towards
product creatiofi® After the reaction is complete, two major produfcism: glycerin
and biodiesel. The glycerin phase is denser tharmitdiesel phase and the two can be
gravity separated.

The basic catalyst is typically sodium hydroxidepotassium hydroxide. As alkali-
catalyzed systems are very sensitive to both veatdrfree fatty acid (FFA) content, the
glycerides and alcohol must be substantially antyslibecause the water promotes a
secondary reaction, saponification, which produsEsps, thus consuming the catalyst
and reducing the catalyst efficiency, as well agsocegg an increase in viscosity, and

difficulty in separation$® Figure 9 shows a flow chart of alkaline catalysfibiodiesel.
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Oils or Fats

A 4 A 4

FFA<2.5wt% FFA>2.5wt%
Catalyst
\ 4 *
Mixing —1 Pretreatment
Alcohol —T y_ Y
T Neutralized Oil
A 4

Transesterification

v

Phase separation

\ 4 *

Re-neutralization Crude Biodiesel

A 4 *

Alcohol Recovery Purification

A 4

A 4 Quallity Control

Crude Glycerol

A 4

Biodiesel

Figure 9 —Flow chart of biodiesel alkaline transesterificat®

The typical industrialbiodiesel production anpurification process is sketched
Figure 10and can be described as follows: the reaction tpkase in a multiphas
reactor where an oil reacts with an alcohol, irspnee of n alkalinecatalyst, to form
fatty acid esters and glycer®® The glycerol formed separates from the oil phaskat
the outlet of the reactor two liquid phase-exist: one rich in glycercand the other in
fatty acid esters. The unreacted alcohol is disteitd between these two liquid phé®
(Figure 10(1)). After the reactor, the glycerol rich phasesest to the alcohol recove
section where it is recovered by distillation aretycled into the reactor of tl
transesterification section. The glycerich stream coming from the distillation proct
is then evaporated to decrease its water contertbanéet the specifications for sale
the glycerol market (Figurel0 (2)). The fatty acidester stream leaving tl
transesterification reactor is washed with acidifieater to neutralize the catalysid to
convert any existing soajinto free fatty acids. The raffinate current is cosgub of

water saturated biodiesel while the extract isva 1 aqueous solution containing 1
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polar compounds. The washed methyl ester produata#ly dried to reduce the water
content to an acceptable value by the biodieseilired, standards (Figure 10 (3)).

The removal of excess alcohol from the fatty acktee stream leaving the
transesterification reactor can be performed bghfl@vaporation or distillatioff:*
Distillation is the most used method and the reoedealcohol is re-used in the

transesterification process.

Fresh Destill.

Water

Dryer

Figure 10. Simplified flow sheet of an industrial biodiesebgduction and purification

process’

The main components of biodiesel fuel are palmitatearate, oleate and linoleate
esters” However, and depending on the raw materials uséatger range of esters can
be present® Table 2 resumes names, CAS n°, and molecular niafiton about

corresponding fatty acid presents in vegetal oils.
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Table 2- Structure of corresponding fatty acid present igetal oils .2

Common Name Formal Name CAS. No Abbreviation '\é?)lrergﬁ::r M\;)\/Izi(;urlflr Molecular Structure *
Lauric acid Dodecanoic acid 1432-07-7 12:0 C1oH»405 200.32 /\/\/W\i
) OH
Myristic acid Tetradecanoic acid 544-63-8 14:0 GH550, 228.38 /\/\/\/\/\/\)}3\‘3‘“
Myristoleic acid cis-9-Tetradecenoic acid 544-64-9 14:1 Ci14H2605 226.26 \/\A/\/\/\)J\DH
Palmitic acid Hexadecanoic acid -30-3 16:0 GeH3,0, 256.43 \/\NW\/\/?L\OH
Palmitoleic acid cis-9-Hexadecanoic acid 37-49-9 16:1 C16H3002 254.42 \/\/\/W\/\/\J\DH
Stearic acid Octadecanoic acid -b7-4 18:0 GgH3cO 284.48 /\/\/\/\/W\/\J\m
0
Oleic acid cis-9-Octadecenoic acid 112-80-1 18:1 C1aH3.0, 282.47 W\/W\/\/\/J\nu
Linoleic acid Cis-9,12-Octadecadienoic acid 60-33-3 18:2 GgH30, 280.46 /\/\R/:\/\/\/\ir,h
Linolenic acid  cis-9,12,15-Octadecatrienoic acid 463-40-1 18:3 C1gH300, 278.44 = - — I -
Arachidic acid Eicosanoic acid 50€-30-9 20:0 GoH4gO- 312.54 Wﬂ
i
Gondoic acid  cis-11-Eicosenoic acid 5561-99-9 20:1 CyoH350, 310.53 VW\/:\/\N\/\/H\M
Behenic acid Docosanoic acid 112-85-6 22:0 GH440; 340.6 NVWVVV\/\AJ\W
Erucic acid cis-13-Docosenoic acid 112-86-7 22:1 CyoH40, 338.58 \/W\/T\/\/\/\/\/\i
e
Lignoceric acid  Tetracosanoic acid 557-59-5 24:0 G4H450, 368.63 N\/Wl\

*molecules with unsaturation(s) presents a noralirggructur
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Table 3 presents the normal mean composition ofnoom vegetal oils used
biodiesel production.

Table 3 —Major fatty acids in somef the mairoils and fats usefbr biodiesel productic.?

Fatty Acid Cameiina  Cancla  Cocont  Com  Jawopha  Palm  Rapeseed Saflower  Soy  Sunflower  Talow oo
Common Name Abbrev. mean dev mean Dev mean Dev mean Dev mean Dev mean Dev mean Dev mean Dev mean Dev mean Dev mean Dev mean Dev
Capriotic 6:0 06 03 0.1
Caprylic 80 68 19 08 13
Capric 10:0 0.1 54 11 05 098 06 0.1
Lauric 120 04 Ha77g 54 01 02 03 03 01 01 01 02 01 03 02 01 02 08
Tridecylic 13:0
Myristic 140 27 36 1855 1.3 03 05 11 05 00 00 01 01 01 02 01 01 26 07 08 086
Myristoleic 14:1 03 02
Pentadanoic 15:0 06 03 01
Pentadecencic  15:1 0.1
Palmitic 160 61 15 42 10 91 17 S11.5- 1.7 S149- 21 Fe25F 32 42 11 82 17 S1185 20 64 1.8 —243- 28 S185- 58
Palmitoleic 16:1 03 03 01 02 02 02 10 05 02 01 01 01 01 02 03 01 01 26 10 08 11
Hexadecadienoic  16:2
Hexadecatriencic  16:3
Heptadecanoic ~ 17:0 0.1 0.1 0.1 0.1 01 01 01 14 02 01 01
Heptadecenoic  17:1 04 0.1 01 06 03 01
Stearic 180 28 04 20 04 27 07 18 03 61 17 42 11 16 07 25 10 38 08 36 11 =182- 45 71 389
Oleic 181 —168= 30 Fe04f 29 68 21 =266- 22 [0l 67 T413° 20 [505E 78 T142° 32 T237- 24 =21.7- 53 [a22f 4.1 [Fasef 93
Linoleic 182 170- 23 =212 18 21 14 E5878 28 362 61 ~95 18 215 28 H7e38 s3 HsosE 35 Mool 76 44 29 2515 103
Linolenic 183 H356F 34 “98 21 01 01 06 04 03 02 03 01 84 13 01 01 59 26 15 26 09 07 11 11
Stearidonic 18:4 0.4 05
Arachidic 200 14 13 07 03 01 O1 03 02 02 01 03 01 04 05 01 01 03 03 03 02 02 01 03 01
Gondoic 2000 144- 28 15 02 00 0.1 0.1 01 01 21 30 03 01 02 02 06 02 05 01
Eicosadiensic 2022 15 02 01 0.1
Eicosatrienoic 20:3 08
Eicosatetraencic ~ 20:4
Eicosapentaenoic  20:5
Behenic 220 09 06 03 01 01 01 02 01 01 03 03 03 02 06 04 ©01 01 04 02
Erucic 221 31 08 05 02 00 00 01 01 01 01 00 05 05 01 01 01 01 0f 0.1 0.1
Docosatetraenoic ~ 22:4 0.0
Docosapentaencic  22:5
Docosahexaenoic  22:6
Lignoceric 240 07 05 02 01 00 01 01 26 35 04 0.1 01 01 02 02 0.2 02
Nervenic 241 02 02 1.0 0.1 01 01 03 06 44
Other/Unknown 22 0.3 12 11 09 09 43 4.4 0.8 08 41 47 01 2.0 1.2
Total 101.2 1011 100.2 1027 101.2 99.9 995 100.8 101.2 100.0 103.1

&= Dominant species in FAME Composition Other major spacies (>= 10%) in FAME composition

The biodiesel fuel has to fulfill a number of qiyalktandards. In Europe the biodie
fuel standards are compiled in tnorm CEN EN 1421¥, and inUSA in the norm
ASTM D675T8 The rorms specifitherequirements and test methods for biodiesel
to be used in diesel engines, in order to increheebiodiesel fuel quality anits
acceptance among consumers. Table 4 presents thpean folowed norm. America
requirements are preseniin Appendix A.
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Table 4- CEN EN 14214:2003 requirements and test methadsiddiesels’’

Limits
Property Unit Minimum Maximum Test method
Ester content % (m/m) 96.5 EN 14103
Density @ 15°C kg/m® 860 900 EN IS0 3675
EN ISO 12185
Viscosity @ 40°C mnt/s 3.50 5.00 EN ISO 3104 I1SO 3105
Flash point °C 120 EN ISSO 3679
EN ISSO 20846
Sulfur content mg/kg 10.0 EN ISSO 20884
Carbon residue
(on 10% distillation residue) . 030 EN 180 10370
Cetane number 51.0 EN ISO 5165
Sulphated ash content % (m/m) 0.02 ISO 3987
Water content mg/kg 500 EN ISO 12937
Total contamination mg/kg 24 EN 12662
Copper strip corrosion )
rating CLASS 1 CLASS 1 EN ISO 2160
(3hr at 50°C)
Oxidation stability, 110°C hours 6.0 EN 14112
Acid value mg KOH/g 0.50 EN 14104
lodine value J iodind100g 120 EN 14111
Linolenic acid methyl ester % (m/m) 12.0 EN 14103
Polyunsaturated (>= 4
double bonds) methyl esters . !
Methanol content % (m/m) 0.20 EN 14110
Monoglyceride content % (m/m) 0.80 EN 14105
Diglyceride content % (m/m) 0.20 EN 14105
Triglyceride content % (m/m) 0.20 EN 14105
Free glycerol % (m/m) 0.02 EN 14105 EN 14106
Total glycerol % (m/m) 0.25 EN 14105
Group | metals (Na*, K*) mg/kg 5.0 EN 14108 EN 14109
Group Il metals (Ca +, Mg+) mg/kg 5.0 prEN14538
Phosphorus content mg/kg 10.0 EN 14107
CFPP °C Grade Ato F EN 116
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There are biodiesel properties that directly depemdhe raw materials composition

while others have more dependence on the produgtiooess. Knowing the profile

fatty acid esters in biodiesel is of great impottias it controls some of its properties

as described in Table*3.

Table 5 —Properties dependency raw materials or productiongss.

4394041

Depend on
Property raw production Obs.
material process
Ester content +++
Density @ 15°C ++ +
Viscosity @ 40°C b4 + 4 Prese_nce of_small quantity of_
contaminants increases Viscosity
. Methanol residues decrease this
++ +
Flash point parameter
Promote hydrolysis reactions, corrosion
Water content +++ problems and possibility of
bacteriological growth
Affects the stability of biodiesel during
Oxidation stability, 110°C ++ ++ storage and distribution; additives are
used to improve this parameter
. Promote corrosion in motors and
+ ++ ) .
Acid value increase speed of degradation
Depend on unsaturation degree;
lodine value +++ promote polymerization and hydrolysis
processes
i i i +++ N -
Linolenic acid methyl ester Decrease oxidative stability and
Polyunsaturated o+ increase iodine value
>= 4 double bonds
Decrease flash point, viscosity and
Methanol content +++ density; corrosion on aluminum and
zinc parts
Monoglyceride content +++ Incomplete reaction
Diglyceride content +++ Promote deposition in injectors
Triglyceride content +++ and cylinder
Free glycerol +++ Crystallization
Total glycerol +++ Increase Viscosity
Group | metals (Na*, K) +++ Promote deposits and catalysed
Group Il metals (Ca', Mg") +++ polymerisation reaction
CFPP ++ +
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At Section 1Thermodynamic Properties are discussed. Visces#re densities are
two of the main properties evaluated in this workick will depend on the raw
materials used on the biodiesel fuel production endonsequence on the profile of
methyl or ethyl esters of the biodiesel ftfel.

Density data are relevant because injection systpumps and injectors must deliver
the amount of fuel precisely adjusted to provideraper combustiof? Boudy and
Seer§***showed that the fuel density is the main propgray influences the amount of
mass injected. The viscosity is required not omly the design of pipes, fittings and
equipment to be used in industry of oil and fgdbut also for monitoring the quality of
fuel itself to be used in diesel engines. A visctws, causing a poorer atomization,
which is the first step of combustion, is respolesior premature injector cooking and
poor fuel combustiof®®

Many studies have been devoted to the measuremeérradiction of the density and
viscosity of biodiesel fuel as function of temperat Being able to predict those
properties is of high relevance for the correctrfolation of an adequate blend of raw
materials that optimize the cost of biodiesel fpduction while allowing the fuel to
meet the required quality standards.

Inside Section 1 the work addressing the low temperature behaviad phase
equilibria of biodiesel are also presented. Thelieisel cold flow performance depends
both on the oil and alcohol used in the transdgtation. A biodiesel with a large
concentration of saturated fatty acid esters, aljholess vulnerable to oxidation and
displaying better combustion properties, has a iyoesformance at low temperatures
because of its tendency to crystallfZeThis work reports experimental data for the
solid-liquid-phase equilibria of biodiesel modellith the UNIQUAC model.

In the biodiesel production process, the fatty restech current coming from the
reactor is saturated with glycerol, alcohol, catgnd unreacted soaps. This current is
washed in a liquid-liquid extractor in counter @nt with acidified water to neutralize
the catalyst and to convert soaps to free fattgsadihe raffinate current is composed of
water saturated biodiesel while the extract isva i1 aqueous solution containing the
polar compoundé. The design and optimization of the purificatiohbiodiesel with
water requires a model that can describe the veatiebility in biodiesel and mutual
solubility of fatty acid + water systems. In thisorkk new experimental data was

successfully modelled with the Cubic-Plus-AssooiattoS.

24



In fact, in process operation and optimization tlee of predictive models for
biodiesel fuel properties could be a most usefol. to

Biodiesels with different profile are synthesizeddaevaluated in this work;
specifically fatty acid methyl esters of soybeapeseed, palm oils and their mixtures
(binary and ternary) and also, sunflower. The progethat depend on fatty acid profile
of raw material which are studied are namely dgnsiscosity, iodine value, and cold
filter plugging point (CFPP).

In Section 2 enzymatic catalysis is addressed. Free Fatty A@#iA) are a by-
product in edible oil refining, that are removed tine deodorizing step on oil
purification. The deodorization is carried not justedible oils but also in some cases
before alkaline catalysis in biodiesel productiBnzymatic catalysis is here studied as

an alternative to convert this by-product into hése!.
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General Context

Density and Viscosity are an important biodieselapegeter, with impact on fuel
quality. Predicting these properties is of highevaince for a correct formulation of an
adequate blend of raw materials that optimize tist of biodiesel fuel production while
allowing the produced fuel to meet the requiredigustandards.

For the higher FAEEs and FAMES, the density andosgy data for a wide range of
temperatures available in the literature, are eitiearce or contradictory, limiting their
use in the development and testing of models tdigpiréhose properties for biodiesels.

To address this limitation, in this work densitesd viscosities of ethyl esters and
methyl esters, present in biodiesel ranging in laldyain from C8 to C18, were
measured at atmospheric pressure and temperatane2¥3.15K to 363.15K, and are
reported in Paper 1. Some of the minor componehtsicaliesel have received little
attention in the past but they may have a non gibigi influence on the biodiesel fuel
properties and, depending on the raw material ubede components can be present in
a significant concentration. In Paper 2 new denaitgt viscosity data for the minority
components of biodiesel fuel such as methyl paledte, methyl linolenate, methyl
arachidate, methyl gadoleate, methyl behenate,yihethicate, methyl lignocerate, ethyl
linoleate, ethyl linolenate, and ethyl arachidatg, atmospheric pressure and
temperatures from 273.15K to 363.15K are presented.

In both these works, a comparison with the expantailedata available and its critical
evaluation is performed. Correlations of these erpental data using the equations on
which the multicomponent models are based, a licearlation of the densities with
temperature and the Vogel Tamman Fluch (VTF) eqnator the viscosities were
carried and reported. The densities and viscositigke pure ethyl and methyl esters
here measured were also used to evaluate the parige of three predictive models.
The group contribution method GCV&lwas evaluated for the prediction of densities
while the models of Ceriani et & and Marrero and Gatli° were evaluated for the
viscosity. The behavior of these models is compagainst the data for the compounds
studied.
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The capacity to correctly predict biodiesel dessits of major relevance for a correct
formulation of an adequate blend of raw materidtsiray at producing biodiesel
according to the required quality standafddwith the lowest production costs.

There are three main types of methods exist famasing liquid densities of pure
compounds. The first type are the methods baseth@mrorresponding states theory,
such as the Rackett equation and the Spencer amteDmethod® 36445456

These methods have, however, some disadvantagesstilse requirement of critical
properties and since they often use experimental adusted parameters, they have a
limited predictive ability. The second type of madis is based on mixing rules, such as
Kay's®’, that allow the estimation of a mixture densitp\pde that the composition of
the fuel and the densities of the pure compounel&m@own. They are only applicable to
simple mixtures with a near ideal behavior. Finalhe third type is group contribution
models that only requires the chemical structurthefdesired molecule to be known to
estimate the thermophysical properties, such asdligensities. The group contribution
method GCVO[® is a predictive model that was shown in previoasks to be able to
provide pure fatty acid methyl esters (FAMES) dgesi descriptions within 1%
deviation.

In the work presented in Paper 3, new experimetaakity data was reported for ten
biodiesel samples, for which a detailed compositopresented. They were produced
from different vegetable oils or oil blends, in olaboratory. The data covers the
temperature range from 278.15K to 373.15K at atmesp pressure. Correlations for
the temperature dependency of the experimental alaareported and the isobaric
expansivities estimated. In this paper a comparisetween Mixing Rules based in
different concentration units (molar, volumetricdanass fraction) are presented but the
aim is the comparison of the predictive capabsgitef GCVOL model as well as
extended CGVOL for the estimation of the densityseleral biodiesel. A revised
version of the GCVOL model is also proposed anduatad.

These data, along with other data collected fraerdiure, are used to carry out a
critical evaluation of biodiesel density predictivedels.

Knowledge and description of biodiesel densitiesaatunction of pressure and
temperature are required for a proper design atichization of common rail engines

injection systems, in order to a precisely adjustedunt of fuel be delivered to provide
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a proper combustion while minimizing NOx emissiBnHowever, in spite of its
importance, little attention has been given to higbssure densities of biodiesels and
measurements and predictions of that property hlawen restricted to ambient
conditions. After reporting experimental data fe atmospheric pressure temperature
dependence of density for several fatty acid metoytl ethyl esters for different
biodieseld®>>? and studying the best models to predict the dersdf biodiesef, new
experimental high pressure density data were chmgt for several of these pure
compounds and biodiesels. In Paper 4 new high preskensity data is reported in this
work for three fatty acid methyl esters and sevemlibsels, in the temperature range
283K to 333K and from atmospheric pressure up tdva. Experimental densities
were correlated using the modified Tait-Tammannagiqe’® and thermodynamic
properties such as isothermal compressibilitiesispllaric expansion coefficients were
as well calculated and evaluated, on the temperatmd pressure ranges studied.
Empirical models, like the modified Tait-Tammanruation, are the most commonly
used to correlate high pressure density experirhéata. In this work, a different and
completely predictive approach was also applieat, ¢bnsisted on the use of the Cubic-
Plus-Association equation of state (CPA Eo0S) tocdes the experimental data. In

previous work® %2

the CPA EoS was shown to be the most appropriagehto be
applied to biodiesel production and purificatiomgesses. A discussion about the most
appropriate CPA pure compound parameters for eistatso presented.

There is still a lack of viscosity data of biodiebkends and biodiesel-diesel over the
whole composition range at different operationalndibons of pressure and
temperature. In this regard, the use of theoretipptoaches to estimate the viscosity of
biodiesel systems is of great practical interestiampresented in Paper 5.

A number of works has presented predictive modets empirical equations with
adjustable parameters for the viscosity of fattig &sters. By knowing the viscosity of
fatty acid esters, it is possible to determinetiseosity of biodiesel using the mixing
rule suggested by Grunberg-Nissan or Kindoreover there is a possibility to
optimize its properties by simply changing the cosipon of fatty acid esters. The
predictive capabilities of three models developgdQerianiet al®*, Krisnangkuraet
al®. and Yuaret al* for the estimation of the viscosity of severaldiésel and their
blends with diesel fuels were compared. A revisersion of the Yuan model is also

proposed and evaluated.
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Besides density and viscosity there are other pteseof biodiesel that can be
directly related to the chemical composition of thes material. lodine index, CP (poor
point) and CFPP (cold filter plugging point) wetadied and evaluated based on norms

considerations.
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VIscosity






My direct contribution for Published Papers

In first Chapter five published articles are prdedn all related to new data for
density and viscosity of biodiesel produced by rifyisem different oil sources, as well
for pure components present in biodiesel fuel. ddta were measured with a
Viscometer Anton Parr Strabinger, in a wide ranfigemperatures. | was responsible
for experimental measurements of density and viscosf biodiesel and pure
compounds, as well as the density modelling. Higgsgure density was measured on
different equipment at University of Vigo and thedeling with CPA was also carried
by me in collaboration with Mariana Belo. Viscosityodelling was made by Samuel
Freitas.
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Experimental section

Biodiesel Synthesis

Eight biodiesel samples, studied in this work, weyathesized at our laboratory by a
transesterification reaction of the vegetal oilgyl&an (S), Rapeseed (R), and Palm (P),
and their respective binary and ternary mixturesoyb®an+Rapeseed (SR),
Rapeseed+Palm (RP), Soybean+Palm (SP), and SoyRepeseed +Palm (SRP) and
Sunflower (Sf). Transesterification reaction fol biodiesel samples was performed
under specific conditions: the molar ratio of o#fiianol used was 1:5 with 0.5%
sodium hydroxide by weight of oil as catalyst, tileaction was performed at 55 °C
during 24 h under methanol reflux and the reactiome chosen was adopted for
convenience in order to guarantee a complete oeactnversion of one liter of oil.
Raw glycerol was removed in two steps, the firgtraB h reaction and then after 24 h

reaction in a separating funnel. Figure 11 showsbibdiesel production.

Figure 11- Experimental assembly of biodiesel production.
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Biodiesel was purified by washing with hot distillevater until a neutral pH was
achieved. The biodiesel was then dried until the IB® 12937 limit for water was
reached (less than 500 ppm of water). The watetecbnvas checked by Karl- Fischer
titration.

It is necessary to present here additional infoionaabout biodiesel synthesis, as the
procedure was adjusted during the work after tgsseveral variables. For a correct
characterization of biodiesel it is necessary ttaimbclose to 100% conversion on the
reaction. This prevents the contamination of intedrate species as mono-, di-, and tri-
glycerides in the biodiesel with important impaatsthe fuel properties.

There are a lot of publications that report biodiggoductions in shorter times (3-4
hours of synthesis). In the beginning of the presenk this method was also followed
but at some point we realized that the biodieselsdt possess a good quality level, as
the yield was less than 90%. The presence of imdiae species in biodiesel
influences dramatically their thermodynamic prosttViscosities data were measured
in these conditions and were used as trainingostetst the model developed by Ceriani
et al® for the estimation of viscosity of fatty compounasd biodiesel esters as a
function of the temperature and also to investiglageinfluence of small concentrations
of intermediate compounds of transesterificatioractien in the viscosity of
biodiesels”’

The conditions to produce biodiesel were tunedl| wanversion reaction obtained
presented yields of more than 96%. Therefore theti@n time was increased to a limit

value to guarantee a complete reaction conversion.

Biodiesel Characterization

Biodiesel was characterized by GC-FID following tBetish Standard EN14103
from EN 142144 to know the alkyl esters compositadrthe samples. A Varian CP-
3800 with a flame ionization detector in a splifjestion system with a Select™
Biodiesel for FAME Column, (30 m x 0.32 mm x 0.26), was used to discriminate
between all methyl esters in analysis inclusivély polyunsaturated ones. The column
temperature was set at 120°C and then programméacitease up to 250 °C, at 4
°C/min. Detector and injector were set at 250°G2 Gdrrier gas was helium with a flow

rate of 2 mL/min. Methyl heptadecanoate was usedtamal standard.
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Abstract

To develop reliable models for the densities arstasities of biodiesel fuel reliable
data for the pure fatty acid esters are requirexhdidies and viscosities were measured
for seven ethyl esters and eight methyl esteratrabspheric pressure and temperatures
from (273.15 to 363.15) K. A critical assessmenth&f measured data against the data
previously available in the literature was carrmat. It is shown that the data here
reported presents deviations of less than 0.15 #@éansities and less than 5 % for
viscosities. Correlations for the densities andagities with temperature are proposed.
The densities and viscosities of the pure ethylmethyl esters here reported were used
to evaluate three predictive models. The GCVOL groantribution method is shown
to be able to predict densities for these compouwvittsn 1 %. The methods of Ceriani
and Meirelles (CM) and of Marrero and Gani (MG) evapplied to the viscosity data. It
is shown that only the first of these methods i &b provide a fair description of the

viscosities of fatty acid esters.

Keywords: Density, Viscosity, Methyl and Ethyl Esters, Biesel Fuel.
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Introduction

In consequence of environmental, economical anad pdditical turmoil, caused by
the excessive use and dependency of conventiotralgaem based fuels the attention of
several countries has been addressed towards ve®odment of alternative fuels from
renewable resourcés.

Among those alternatives, biodiesel fuel, alonghwitioethanol fuel, is in the
forefront of the substitutes to petroleum basedsfire the transportation sector, being
considered as an important short-time option aprntes can be similar to petroleum
based fuels and no motor changes are reqtiired.

Biodiesel is a fuel comprised of mono-alkyl estefdong chain fatty acids derived
from vegetable oils, animal fats, or mixtures oferth It is produced by the
transesterification of triglycerides with a shottam alcohol, usually methanol or
ethanol, in presence of a catalyst, leading toftimmation of mixtures of fatty acid
methyl esters (FAMESs) or fatty acid ethyl esterdAKEs) respectively* The main
components of biodiesel fuel are palmitate, stearaleate and linoleate estérs.
However, and depending on the raw materials usddrger range of esters can be
presenf

The biodiesel fuel has to fulfill a number of qiykstandards. In Europe the biodiesel
fuel standards are compiled in the Norm CEN EN #42and in United States of
America in the Norm ASTM D67%1 Norms specify minimum requirements and test
methods for biodiesel fuel to be used in dieselir@yyand for heating purposes, in
order to increase the biodiesel fuel quality amsl atceptance among consumers.
Viscosities and densities are two of the main prioge evaluated which will depend on
the raw materials used on the biodiesel fuel prodacand in consequence on the
profile of methyl or ethyl esters of the biodiefes!.®

Density data are relevant because injection systpumps and injectors must deliver
the amount of fuel precisely adjusted to provideper combustion.Boudy and Seers
show that fuel density is the main property thaluences the amount of mass
injected’®! The viscosity is required not only for the desighpipes, fittings and
equipment to be used in industry of oil and fdbut also for monitoring the quality of

fuel itself to be used in diesel engines. A viscfws, causing a poorer atomization,
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which is the first step of combustion, is respolesior premature injector cooking and
poor fuel combustion® *3

Many studies have been devoted to the measuremeérgradiction of the density and
viscosity of biodiesel fuel as function of temperat Being able to predict those
properties is of high relevance for the correctrfolation of an adequate blend of raw
materials that optimize the cost of biodiesel fpeduction while allowing the fuel to
meet the required quality standards. In fact, iocpss operation and optimization the
use of correlative and predictive models for bisdlefuel properties could be a most
useful tool.

Several models have been proposed in the liter&duralculate biodiesel fuel density.
The most important among them rely on the accuabsviedge of the properties of the
pure compounds. Tat and Van Gerffeand Clements used a linear mixing rule of
pure densities based on the empirical equationgsegh by JanarthangnHuber® et al.
also use density mixing rule to develop prelimindrgrmodynamic model for biodiesel
fuel fuel. Similarly for the viscosities the appebes proposed by Krisnangkura et’al.
and Yuan et af® allow the estimation of the viscosity of biodiedakl using the
Grunberg-Nissan equation that requires accurateesabf the viscosities of pure
FAME's or FAEE'S®,

For the higher FAEEs and FAMEs, the density andogiy data for a wide range of
temperatures available in the literature are somestiscarce or contradictory, limiting
the use of these models to predict those propddrdsiodiesels.

To address this limitation, in this work densitae®d viscosities of seven ethyl esters
and eight methyl esters, from C8 to C18, were nrealsat atmospheric pressure and
temperatures from (273.15 to 363.15) K. A comparisath the experimental data
available and its critical evaluation is performé&brrelations of these experimental
data using the equations on which the multicompbmeadels are based, a linear
correlation of the densities with temperature ahd Yogel Tamman Fluch (VTF)
equation for the viscosities were carried and riggbr

The densities and viscosities of the pure ethyl miethyl esters here measured were
also used to evaluate the performance of threeigine@l models. The group
contribution method GCVOL was evaluated for the prediction of densities evlile

models of Ceriani et df and Marrero and Gati*’were evaluated for the viscosity.
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Experimental Section

Materials and Procedure.Seven ethyl ester and eight methyl esters were insthis
study. Table 1 reports the name, purity, suppaed CAS number of each compound
used in this study. Compounds purity was confirfog@C-FID.

Table 1.Methyl and Ethyl Esters Studied in this Work.

Compound Common Name Purity Source CAS
m/m%

Octanoic acid, ethyl ester Ethyl Caprylate 99 Addri 106-32-1
Decanoic acid, ethyl ester Ethyl Caprate 99 Fluka 10-38-3
Dodecanoic acid, ethyl ester Ethyl Laurate 99 Sigmal06-33-2
Tetradecanoic acid, ethyl ester Ethyl Myristate 99 Aldrich  124-06-1
Hexadecanoic acid, ethyl ester Ethyl Palmitate 99 igmd 628-97-7
Octadecanoic acid, ethyl ester Ethyl Stearate 99 ukeFl 111-61-5
(2)-9-Octadecenoic acid, ethyl ester Ethyl Oleate 8 9 Aldrich 111-62-6
Octanoic acid, methyl ester Methyl Caprylate 99 kilu 111-11-5
Decanoic acid, methyl ester Methyl Caprate 99 A©oy. 110-42-9
Dodecanoic acid, methyl ester Methyl Laurate 98 neig 111-82-0
Tetradecanoic acid, methyl ester Methyl Myristate 8 9 SAFC 124-10-7
Hexadecanoic acid, methyl ester Methyl Palmitate 99 SAFC 112-39-0
Octadecanoic acid, methyl ester Methyl Stearate 99 Fluka 112-61-8
(2)-9-Octadecenoic acid, methyl ester Methyl Oleate 99 Aldrich  112-62-9
(Z,2)-9,12-Octadecadienoic acid, methyl ester  Mietinoleate 99 Sigma 112-63-0

Experimental Measurements. Measurements of viscosity and density were
performed in the temperature range of (273.15 8.13) K at atmospheric pressure
using an automated SVM 3000 Anton Paar rotatiotetbiBger viscometer-densimeter.

The viscometer is based on a tube filled with thengle in which floats a hollow
measuring rotor.

45



Due to its low density, the rotor is centered ia Heavier liquid by buoyancy forces.
Consequently, a measuring gap is formed betweemnotbe and the tube. The rotor is
forced to rotate by shear stresses in the liquid snguided axially by a built-in
permanent magnet, which interacts with a soft inog. The rotating magnetic field
delivers the speed signal and induces Eddy curianise surrounding copper casing.
These Eddy currents are proportional to the spddtieorotor and exert a retarding
torque on the rotor. Two different torques influertbe speed of the measuring rotor,
and at the equilibrium, the two torques are eqgudltae viscosity can be traced back to
a single speed measurement. The SVM 3000 usesrRdiiments for fast and efficient
thermostability. The temperature uncertainty i2kDfrom (288.15 to 378.15) K. The
absolute uncertainty of the density is 0.0005 ¢i@md the relative uncertainty of the
dynamic viscosity obtained is less than 1.5 % fog standard fluid SHL120 (SH
Calibration Service GMbH), in the range of the stddemperatures. The repeatability
of the equipment was measured with temperaturepsesients a maximum standard
deviation relative value of 0.15 % in the studiescusity range for the same
temperature range. Also the reproducibility of dwipment was evaluated with time
and presents a maximum of 0.25°%urther details about the equipment and method
can be found elsewhef&This viscometer was previously tested for othengounds

and presented a very good reproducibflity.
Results and Discussion
Density
The experimental data obtained are reported in€Babland 3. For methyl myristate,

palmitate, and stearate, and ethyl palmitate aedrate the measurements were only
carried at temperatures above the melting poitih@ede compounds.
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Table 2. Experimental Density, in kgen®, for Ethyl Esters.

Ethyl
T/K Caprylate  Caprate Laurate Myristate Palmitate &tear Oleate
278.15 880.2 881.5
283.15 875.9 872.5 870.3 868.7 877.9
288.15 871.6 868.4 866.4 864.8 874.1
293.15 867.3 864.3 862.4 861.0 870.5
298.15 863.0 860.2 858.5 857.2 866.9
303.15 858.7 856.2 854.6 853.4 852.6 863.2
308.15 854.4 852.1 850.7 849.6 848.9 859.5
313.15 850.0 848.0 846.8 845.8 845.2 844.8  855.8
318.15 845.7 843.9 842.9 842.0 841.5 841.1 8522
323.15 841.4 839.8 839.0 838.2 837.9 837.5 8485
328.15 837.1 835.7 835.1 834.5 834.2 833.9 8449
333.15 832.8 831.6 831.1 830.7 830.5 830.3 841.2
338.15 828.4 827.5 827.2 826.9 826.9 826.7 837.6
343.15 824.1 823.4 823.3 823.1 823.2 823.1 834.0
348.15 819.7 819.2 819.4 819.4 819.5 819.5 830.3
353.15 815.3 815.1 815.4 815.6 815.9 8159 826.7
358.15 810.8 812.2 812.3 8231
363.15 806.4 808.6 808.7 819.5
Table 3.Experimental Density, in kgeif for Methyl Esters.
T/K Methyl
Caprylate Caprate Laurate MyristatePalmitate Stearate Oleate Linoleate
278.15 884.7 897.2
283.15 885.9 880.6 877.7 881.4 893.5
288.15 881.5 876.4 873.7 877.7 889.9
293.15 877.1 872.3 869.8 874.1 886.2
298.15 872.8 868.2 865.8 863.7 870.4 882.5
303.15 868.4 864.1 861.8 859.9 866.8 878.8
308.15 864.0 860.0 857.9 856.0 854.5 863.1 875.2
313.15 859.6 856.0 853.9 852.2 850.8 849.8 859.5 1.587
318.15 855.2 851.9 850.0 848.4 847.0 846.1 855.9 7.986
323.15 850.8 847.8 846.1 844.6 843.3 842.5 852.3 4.386
328.15 846.4 843.6 842.1 840.8 839.6 838.9 848.7 0.786
333.15 841.9 839.5 838.1 837.0 835.8 835.3 845.1 7.085
338.15 837.5 835.3 834.2 833.1 832.1 831.7 8415 3.485
343.15 833.0 831.2 830.2 829.3 828.4 828.1 837.9 9.834
348.15 828.5 827.0 826.2 825.5 824.7 824.5 834.3 6.184
353.15 824.0 822.9 822.3 821.8 821.0 820.9 830.7 2.584
358.15 818.7 817.3 817.3 838.7
363.15 814.5 813.6 813.7 835.1
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Data shows that the density of FAMESs decreases wdteasing alkyl chain length,
and increases with the level of unsaturation, thenes happening with FAEESs.
Surprisingly the FAMEs present a higher value fenglty than the corresponding
FAEEs with the same number of carbon atoms in amld chain. This difference is
higher than what would be expected from the additba methylene (Chl group to
the molecule. This results from a change in theand of the molecules in the liquid
state akin to what can be observed in the crystattsires of methyl stearate and ethyl
stearaté?® It was also previously observed for other ligheesthat the addition of GH
group in to the alcohol moiety induces a lower roolar packing efficiency decreasing
density?’

Figures 1 and 2 present the relative deviationwédxen this work’s experimental data
and density data available in the literature astion of temperature for FAEEs and
FAMES, respectively. This comparison shows a gogeement with relative average
deviation of lower than 0.10 % for FAEEs and lowean 0.15 % for FAMEs, with
exception methyl stearate measured by GaikwardSadmahmanyaf, that presents a
deviation below 0.25 % and methyl palmitate measbune Ott et af® that present a
relative deviation of -0.25 %. The density values mhethyl palmitate reported in this
work were repeated using samples from various gnsphith a good agreement among
them and with the data previously reported in iterdture by other authors for this

compound?®: 3032
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Figure 1. Relative deviations for methyl esters density datailable in the literatuf&
32,3439 35 function of temperature:, methyl caprylate,, methyl caprate,, methyl
laurate, , methyl myristate, , methyl palmitate, methyl stearate, , methyl oleate

and , methyl linoleate. Zero line is this work’s expeantal data.
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Figure 2. Relative deviations for ethyl esters density datailable in the literaturé
40-47 as function of temperature; ethyl caprylate, , ethyl caprate, , ethyl laurate, ,
ethyl myristate, , ethyl palmitate, and ethyl stearate. Zero line is this work’s

experimental data.

The experimental density data here measured wereela®d using a linear
temperature dependency using an optimization dlgoribased on the least-squares

method,
r /kg>m®=bxXT /K +a (1)
And the parameter values along with their confidelmits are reported in Table 4.

These correlations can be used for the estimafitimeodensities of biodiesels using the

Janarthanan et &.approach.
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Table 4. Density Correlation Constants for Pure Methyl arttiyE Esters over the
Temperature Range (278.15 to 363.15) K, and Coorespg 95 %

Confidence Limits.

b/kgem®K?! &+ los a / kgem® tes,
Ethyl Caprylate -0.8668 +0.0021 1121.4 0.7
Ethyl Caprate -0.8194 +0.0013 1104.5 + 04
Ethyl Laurate -0.7832 + 0.0009 1092.0 + 0.3
Ethyl Myristate -0.7576 + 0.0014 1083.1 + 04
Ethyl Palmitate -0.7334 +0.0011 1077.9 + 03
Ethyl Stearate -0.7209 +0.0012 1070.5 + 04
Ethyl Oleate -0.7209 + 0.0013 1084.5 + 04
Methyl Caprylate -0.8832 +0.0027 1136.1 + 0.8
Methyl Caprate -0.8244 +0.0018 1114.0 + 0.6
Methyl Laurate -0.7912 + 0.0009 1101.7 + 03
Methyl Myristate -0.7629 + 0.0017 1091.1 + 05
Methyl Palmitate -0.7438 +0.0015 1083.7 + 05
Methyl Stearate -0.7209 +0.0012 1075.5 + 04
Methyl Oleate -0.7236 + 0.0015 1086.2 + 05
Methyl Linoleate -0.7294 + 0.0012 1100.0 + 04

s - standard deviation

The GCVOL modéf was used to predict the densities of the composhatiied in

this work. The results reported in Figure 3 shoat tthe densities of FAMEs can be

predicted within an uncertainty af 0.5 % with exception of methyl linoleate due to a

poor model description of the unsaturation effesttbe densities. In Figure 4 the

deviations for the FAEE’s are reported. Due todhterent effect of the introduction of

a methylene group in the acid or alcohol moietissubsed above a group contribution

model cannot produce an adequate description aiehsities and an overestimation of

between 1 and 1.5 % of the experimental densigeshtained. Again a problem

associated to the unsaturation is observed althangthis case it contributes to

minimize the model deviations.

51



2.0

15 o © o i
o
o
o
o
Tlo, OO B
o o
=~ 05 o ° E
g o A 4t ‘
o o . At
\n o A
g 00r 6 o o o o 3 4 A E
= A 4 ..'u.
o °
o o 22 ?
< o5l g ¢ o "] ﬁﬁﬁﬂiligg
-1.0
270 280 290 300 310 320 330 340 350 360 370
T/K
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The isobaric expansivity coefficient at constarggsure ) is defined as

Tin r
p ﬂT )
In the studied temperature range the logarithmeofsdy exhibits a linear behavior with

(@)

temperature. The value af, will thus be a constant for the studied compoundkin
the temperature range investigated. The isobarmarmesivities estimated from the
experimental data are reported in Table 5. It iseoked thata, decreases with the
increment of carbons in alkyl acid side chain alst @ecreases with unsaturation level
for both ethyl and methyl esters. The isobaric espaties are identical for the FAMEs
and FAEEs within the experimental uncertainty & tfata here reported.

Table 5. Isobaric Expansivities,ap, for the Studied Fatty Acid Esters, and
Corresponding 95 % Confident Limits.

a,s100/KY 4 oS, *10°

Ethyl Caprylate 1.028 + 0.009
Ethyl Caprate 0.971 + 0.007
Ethyl Laurate 0.929 + 0.005
Ethyl Myristate 0.900 + 0.003
Ethyl Palmitate 0.883 + 0.003
Ethyl Stearate 0.872 + 0.003
Ethyl Oleate 0.859 + 0.003
Methyl Caprylate 1.033 + 0.009
Methyl Caprate 0.971 + 0.008
Methyl Laurate 0.931 + 0.005
Methyl Myristate 0.905 + 0.004
Methyl Palmitate 0.892 + 0.003
Methyl Stearate 0.867 + 0.003
Methyl Oleate 0.845 + 0.003
Methyl Linoleate 0.842 + 0.004

S - standard deviation
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Viscosity

The experimental data of viscosity of the ethyl anethyl esters here studied are

reported in Tables 6 and 7 respectively. As expktite viscosity of all esters increases

with the ester chain length and decreases witlevisl of unsaturation. The ethyl esters

also present a higher viscosity than the correspgnohethyl ester of the equivalent

fatty acid.

Table 6.Experimental Viscosities, in mPass, for Fatty AEithyl Esters.

T/K Ethyl

Caprate Laurate Myristate Palmitate Stearate Oleate
278.15 10.9040
283.15 2.8960 4.3353 6.2601 9.2553
288.15 2.5882  3.8135 5.4303 7.9421
293.15 2.3263  3.3797 4.7492 6.8906
298.15 2.1029 3.0152 4.1880 6.0236
303.15 1.9111 2.7073 3.7207 5.0107 5.3094
308.15 1.7453  2.4455 3.3278 4.4399 4.7156
313.15 1.6000 2.2198 2.9928 3.9558 5.0823 4.2137
318.15 1.4729 2.0240 2.7056 3.5472 45285 3.7876
323.15 1.3599 1.8531 2.4579 3.1973 4.0574  3.4247
328.15 1.2594 1.7037 2.2423 2.8969 3.6535 3.1102
333.15 1.1695 1.5703 2.0549 2.6373  3.3073 2.8367
338.15 1.0892 1.4529 1.8891 2.4121 3.0072 2.5988
343.15 1.0171 1.3486 1.7432 2.2140 2.7439 2.3901
348.15 0.9516  1.2543 1.6139 2.0391 2.5153 2.2065
353.15 0.8929 1.1708 1.4986 1.8842 2.3132 2.0434
358.15 1.7464 2.1355 1.8978
363.15 1.6233 19777 1.7683
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Table 7. Experimental Viscosities, in mPaes, for Fatty d\dethyl Esters.

T/K Methyl

Caprylate Caprate Laurate Myristate Palmitate Stearate Oledtimoleate
278.15 2.9888 7.4664
283.15 1.7103 2.6543 4.0678 8.69815.4658
288.15 1.5593 2.3733 3.5771 7.4518.6550
293.15 1.4275 2.1360 3.1668 6.4499 4.9822
298.15 1.3127 19335 2.8237 3.9821 5.63364275
303.15 1.2120 1.7601 2.5356 3.5430 4.96129615
308.15 1.1233 1.6091 2.2893 3.1651 4.2122 4.40B25666
313.15 1.0444 1.4773 2.0776 2.8447 3.7551 4.9869303. 3.2270
318.15 097334 1.3613 1.8944 2.5709 3.3682 4.434B308 2.9358
323.15 0.90926 1.2589 1.7347 2.3343 3.0378 3.964%892 2.6822
328.15 0.85178 1.1675 1.5948 2.1295 2.7540 3.5688942 2.4605
333.15 0.79980 1.0864 1.4714 1.9498 2.5083 3.225837Z 2.2660
338.15 0.75279 1.0133 1.3621 1.7932 2.2947 2.929316R2 2.0934
343.15 0.71014 0.94770 1.2651 1.6549 2.1073 2.6722216 1.9403
348.15 0.67130 0.88860 1.1781 1.5321 1.9421 2.4470@499 1.8038
353.15 0.63589 0.83420 1.1002 1.4233 1.7960 2.2908974 1.6816
358.15 0.78595 1.6659 2.0762
363.15 0.74207 1.5499 1.9217

The experimental data here measured was compatbdviscosity data previously

reported in the literature for the same systeme Bhative deviations for the FAMEs

and FAEEs are presented in Figures 7 and 8. FdfrAMES the deviations are withih

4 % of the literature data with exception of theadhy Meirelles et &l at high

temperatures that show large deviations when cosdpaith both our data and data

from other authors. For the FAEEs the data availabfar more scarce but in spite of

being more than 50 years old it is in good agreemath the viscosities here reported

with relative deviations of less than 1 %.
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The experimental viscosities here measured wereelabed using the Vogel-

Tammann-Fulcher (VTF) equation:

mPaxs=exp A+ ————
i P KT,

B

)

Where A, B and { are fitting parameters whose values were estimasiilg an

optimization algorithm based on the least-squarethad. The parameter values along

with their uncertainty and the average absolutaadiens (AAD %) of the correlation

are reported in Table 8. As can be seen the VTFRatemu provides a very good

description of the experimental data.

Table 8. Viscosity Correlation Constants for Pure Ethyl afdthyl Esters over the
Temperature Range (278.15 to 363.15) K, and Caoretipg 95 % Confident

Limits.

A tes, B/K tes, To/K  toS AAD(%)
Ethyl Caprylate -3.58 0.055 926.963 28.2 63.493 3.8 0.078
Ethyl Caprate -3.42 0.086  883.295 39.8 85.943 5.2 0.10
Ethyl Laurate -3.15 0.073  818.076 30.5 105.827 3.9 0.096
Ethyl Myristate -2.97 0.058  793.873 22.7 117.701 2.8 0.084
Ethyl Palmitate -3.00 0.053 854.539 22.0 117.650 2.6 0.046
Ethyl Stearate -3.04 0.025 920.174 10.8 115.962 1.3 0.010
Ethyl Oleate -2.65 0.040 759.323 155 127.32 1.9 0.11
Methyl Caprylate  -3.48 0.054  859.303 26.1 68.948 3.7 0.046
Methyl Caprate -3.32 0.070  814.674 30.7 93.317 4.2 0.13
Methyl Laurate -3.09 0.054 767.388 21.4 112.267 2.8 0.075
Methyl Myristate -3.12 0.036  837.282 15.2 112.358 1.9 0.019
Methyl Palmitate  -2.81 0.056  746.528 22.5 132.676 2.9 0.049
Methyl Stearate -2.98 0.034 876.221 14.7 122.303 1.8 0.015
Methyl Oleate -2.70 0.043 748.184 16.0 129.249 2.0 0.070
Methyl Linoleate -2.62 0.068 733.236 26.3 119.641 3.4 0.12

s -standard deviation

s AAD=_L  Maps (@@ lit)/ 49
N i=1 lit,

p
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The measured data were also used to test two preduiscosity models. The Ceriani
and Meirelles**(CM) and the Marrero and G&ht* (MG) group contribution models

were used to estimate the dynamic viscosity off#tg acid esters as a function of

temperature. The average deviations of viscositwéen the measured data and those

estimated by CM and MG are shown in Table 9.

Table 9. Average Deviation between the Measured Viscositiufe Ethyl and Methyl
Esters over the Temperature Range (278.15 to 368 Hnd those Estimated

by CM and MG Models.

CM (%) MG (%)
Ethyl Caprylate 14.8 16.4
Ethyl Caprate 13.0 18.6
Ethyl Laurate 3.35 18.9
Ethyl Myristate 6.47 20.8
Ethyl Palmitate 7.32 19.8
Ethyl Stearate 12.4 54.6
Ethyl Oleate 8.68 24.8
Methyl Caprylate 4.67 6.27
Methyl Caprate 4.24 7.40
Methyl Laurate 3.66 7.85
Methyl Myristate 2.03 8.64
Methyl Palmitate 2.72 10.1
Methyl Stearate 4.88 10.3
Methyl Oleate 3.61 204
Methyl Linoleate 9.50 25.5

The CM method predicts the experimental data hexasnred with a global deviation
of 4.53 % for FAMEs with maximum deviations of 9.80 while for FAEEs the

average deviations are of 7.92 % with maximum dna of 14.8 %.
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The MG method is far less accurate with averagéatiens of 12.0 % and 23.5 % for
FAMEs and FAEEs respectively and maximum deviatimin®5.5 % and 54.6 %. While
the CM method provides a good description of thecasities the deviations for the
FAEEs are clearly superior than for FAMES, meantingt the inclusion of a methyl
group affects the viscosities differently dependargits location as also observed for
the densities. Moreover this model also providesr mstimates for the viscosities of
unsaturated esters at high temperatures. This maglated with the use of Ceriani et
al® data on the estimation of the model parameters #sadiscussed above, present

large deviations from the data of other authors.

Conclusions

New experimental data for the density and viscasitgure saturated and unsaturated
methyl and ethyl esters in the temperature ran@8 (@ 363) K and at atmospheric
pressure are presented. An extensive critical vewé the data available for these
systems was carried out to identify spurious orrpgoality data among the often
conflicting data previously available in the literee.

The experimental data here reported were usedstoptedictive models for these
properties. The liquid densities were compared W@VOL model predictions to show
that it is able to describe the FAMEs with deviaiesmaller than 1 %. However, larger
deviations were found for the correlation of FAE#8snsities and GCVOL model
predicted values, presenting a maximum deviatiomfthe experimental data of 1.5 %.

The Ceriani and Meirelles method is shown to besgap to the Marrero and Gani
method with viscosity predictions with an averageidtion of 4.53 % for FAMEs and
7.92 % for FAEEs.
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Abstract

Biodiesel has several known components in their pmsition. The majority
components are well described in literature but amip components are poorly
characterized. These are however required to devedbable models to predict the
biodiesel behavior. This work considers minor congus of biodiesel: the
polyunsaturated compounds (in C18), the mono uresat (in C16, C20 and C22) and
the long chain saturated esters. In this work diessand viscosities of pure fatty acid
esters minor components of biodiesel fuel were nreas(three ethyl esters and seven
methyl esters), at atmospheric pressure and temopesafrom (273.15 to 373.15) K.
Correlations for the densities and viscosities wimperature are proposed. Three
predictive models were evaluated in the predictbrdensities and viscosities of the
pure ethyl and methyl esters here reported. The GICgroup contribution method is
shown to be able to predict densities for thesepmmds within 1.5 %. The methods of
Ceriani et al. (CM) and of Marrero et al. (MG) wexgplied to the viscosity data. The
first show a better predictive capacity to provaéair description of the viscosities of

the minority esters here studied.

Keywords: Biodiesel, Density, Fatty Acid Methyl Est, Fatty Acid Ethyl Esters,

Viscosity.
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Introduction

Nowadays, biodiesel fuel is seen as an altern&iviee conventional petroleum based
fuels, reducing the dependency on fossil fuels aadtrolling green house gases
emissions. Biodiesel fuel advantages and applications ard established:® This
biofuel is comprised of mono-alkyl esters of faftgids derived from vegetable oils,
animal fats, or mixtures of them. It is usually ¢uced by the transesterification
reaction of triglycerides with a short chain alchhasually methanol or ethanol, in
presence of a catalyst, leading to the formatiomibftures of fatty acid methyl esters
(FAMES) or fatty acid ethyl esters (FAEES), respegdy.”  The main components of
biodiesel fuel depend on the raw materials used aodsequently, a wide range of
esters can be preséfitnowing the profile of methyl or ethyl esters iipdiesel is of
great importance as it controls its main properfles

The fuel density influences the amount of masscteg at the injection systems,
pumps and injectors:*? An amount of fuel precisely adjusted is necessargrovide
proper combustioh® Combustion is initialized trough atomization oétfuel. The use
of a viscous fuel leads to a poor atomization whschesponsible of premature injector
cooking and poor fuel combustidh**

Densities and viscosities data are well establishedhe more important biodiesel
compounds, however some of the minor components rexneived little attention in the
past. However, they may have a non negligible erftte on the biodiesel fuel properties
and, depending on the raw material used, these @woemps can be present in a
significant concentration.

The main goal of this work is to present new dgnsihd viscosity data for the
minority components of biodiesel fuel such as miegaimitoleate, methyl linolenate,
methyl arachidate, methyl gadoleate, methyl beleenabethyl erucate, methyl
lignocerate, ethyl linoleate, ethyl linolenate, amthyl arachidate, at atmospheric
pressure and temperatures from (273.15 to 363.15pkhe of these esters can be found
in biodiesel fuel from peanut, rapeseed or caniiéa’ o

Among the studied esters, density data with tentperahas been found only for
methyl linolenate. Ott el af. compiled the available density data. Besides thers
points reported by them only Gouw and Vlugteneasured two other data points, in
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1964. For the other esters some isolated densitg taere obtained from the
compound’s supplier.

As experimental measurements are time consumingeapéensive, especially for
these minority biodiesel esters components, newefsaate necessary to predict these
properties.

Several models have been proposed in the literéduestimate biodiesel fuel density
and viscosity. The most important among them relytlee accurate knowledge of the
properties of the pure compouridddowever, the scarcity of density and viscosityadat
available in the literature restricts the use a#sth models to predict properties for
biodiesel fuel. In a previous wdrk the densities and viscosities of common pure
methyl and ethyl esters were measured and usedatoate the performance of three
predictive models. For prediction of density theup contribution method GCVOE
model was evaluated while the models of Ceriaraléf and Marrero et af?® were
tested for the viscosity. The behavior of these el here compared against the data

for the compounds here studied.
Experimental Section

Materials and ProcedureThree ethyl ester and seven methyl esters werkingbis
study. Table 1 reports the name, purity, supphed CAS number of each compound
used in this study. Compound purity was confirmgddas chromatography/flame
ionization detection (GC-FID).

Experimental Measurementsvieasurements of viscosity and density were peréorm
in the temperature range of (273.15 to 373.15) kalmve melting point for saturated
compounds, at atmospheric pressure using an awdnm@yM 3000 Anton Paar
rotational Stabinger viscometer-densimeter. Theorseter is based on a tube filled
with the sample in which floats a hollow measurmtpr. Because of its low density,
the rotor is centered in the heavier liquid by bamgy forces. Consequently, a
measuring gap is formed between the rotor anduibe. fThe rotor is forced to rotate by
shear stresses in the liquid and is guided axigllp built-in permanent magnet, which
interacts with a soft iron ring. The rotating matndield delivers the speed signal and

induces Eddy currents in the surrounding coppeingasThese eddy currents are

68



proportional to the speed of the rotor and exergtarding torque on the rotor. Two
different torques influence the speed of the meaguotor, and at the equilibrium, the
two torques are equal and the viscosity can beedraoack to a single speed
measurement. The SVM 3000 uses Peltier elements fést and efficient
thermostability. The temperature uncertainty i2kOfrom (288.15 to 378.15) K. The
absolute uncertainty of the density is 0.000&75 and the relative uncertainty of the
dynamic viscosity obtained is less than 0.5 % foe standard fluid SHL120 (SH
Calibration Service GMbH), in the range of the stddtemperatures. Further details
about the equipment and method can be found else®hd&his viscometer was
previously tested for other compounds and presemtexty good reproducibility/ %

Results and Discussion
Density. The experimental data obtained are reported inelabFor ethyl and methyl

arachidate, methyl behenate, and methyl lignocetlade measurements were only

carried out at temperatures above the melting pdititese compounds.
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Table 2. Experimental Density, in kg m3, for Ethyl and Methyl Esters

T/K _ _ Ethyl _ _ _ _ Methyl _
Linoleate Linolenate Arachidate  Palmitoleate Linolenate Arachidate Gadoleate Behenate Erucate Lignocerate

278.15 893.8 904.6 880.4 913.2 884.8 881.6

283.15 890.0 900.8 876.6 909.5 881.1 877.9

288.15 886.3 897.0 872.8 905.7 877.5 874.3

293.15 882.6 893.3 869.0 901.9 873.8 870.7

298.15 878.8 889.5 865.2 898.2 870.2 867.1

303.15 875.2 885.8 861.4 894.5 866.6 863.6

308.15 871.5 882.0 857.6 890.7 863 860.0

313.15 867.8 878.3 853.8 887.0 859.5 856.5

318.15 864.2 874.6 841.2 850.0 883.3 855.9 853.0

323.15 860.6 870.9 837.7 846.3 879.6 842.3 852.3 849.4

328.15 856.9 867.2 834.1 842.5 876.0 838.7 848.8 845.9

333.15 853.3 863.5 830.5 838.7 872.3 834.9 845.2 834.5 2.484

338.15 849.7 859.9 827.0 834.9 868.6 831.4 841.7 831.0 9.083 830.5

343.15 846.0 856.2 823.5 831.1 864.9 827.8 838.2 8275 5583 827.1

348.15 842.4 852.5 820.0 827.3 861.2 824.3 834.6 824.1 2.083 823.7

353.15 838.8 848.9 816.6 823.5 857.6 820.8 831.1 820.6 8.682 820.3

358.15 835.2 845.3 813.2 819.8 853.9 817.3 827.6 817.2 5.182 816.9

363.15 831.6 841.6 809.7 816.0 850.3 813.8 824.1 813.7 1.782 813.5

368.15 838.0 806.1 810.4 820.7 810.3 810.1

373.15 834.5 802.4 807.0 817.3 806.9 806.8
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In Figure 1 deviations from experimental values andilable data were presented.
Methyl linolenate is the only compound for whichtalas available in a wide
temperature rangépresenting a deviation of 0.3 % against the erpental data here
reported. For some of the other compounds onlystigplier data were available to
compare with measured d&taA few isolated points for erucate methyl eStemd

linoleate ethyl estét were also identified. The relative deviationsldge data are less

than 2%.

2.0

15
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05 r >

0.0 . =

100[(|' exp_p Iil)/r I\t]

-05 r

-1.0 r

-1.5
270 280 290 300 310 320 330 340 350
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Figure 1. Relative deviation of methyl and esters densityadavailable in the
literaturd™*® 222435 a function of temperature:, ethyl linoleate; , ethyl
linolenate; , methyl palmitoleate; , methyl linolenate; and , methyl

erucate. Zero line is this work’s experimental data

A linear temperature dependency using an optimegdrithm based on the least-
squares method was used to correlate the expeai@density data measured, and the
parameter values along with their confidence linate reported in Table 3. This

approach was already adopted previously for compupa methyl and ethyl estel’s.

r /kg>m 3 =bxT /K +a (1)

71



Table 3. Density Linear Temperature Correlation Constantquéfion 1) for Pure
Methyl and Ethyl Esters over the Temperature Ra2§®.15 to 373.15) K,

and Corresponding 95 % Confidence Limits

bikg. m3 K + % a/kg m?® + tsA t A';)D

Ethyl Linoleate -0.7307 0.002  1096.8 0.7 2.1 0.01
Ethyl Linolenate -0.7406 0.003 1109.7 0.7 21 0.08
Ethyl Arachidate -0.7015 0.004 1064.3 1.3 24 0.01
Methyl Palmitoleate -0.7577 0.001 1091.1 0.2 2.1 0.003
Methyl Linolenate -0.7401 0.002 1118.9 0.6 24 0.009
Methyl Arachidate -0.7117 0.002 1070.2 0.8 21 0.24
Methyl Gadoleate -0.7133 0.001 1082.2 02 24 0.09
Methyl Behenate -0.6900 0.003 1064.3 09 21 0.004
Methyl Erucate -0.7038 0.003 1077.0 1.0 21 0.01
Methyl Lignocearate -0.6783 0.002 1059.9 0.8 2.2 0.006

S - standard deviation

A number of models to describe the density carobed in literature, often based on
the Racket equatidh 2>’ but since they require experimental data adjussedmeters
they are not predictive.

The group contribution method GCVOL motfelvas here used to predict the molar
volumes and the densities of the compounds studidds work. Figures 2 and 3 show
GCVOL deviations on the density property predicted FAEEs and FAMEs,
respectively, where unsaturated esters are reqpessen full symbols and saturated by
empty symbols. The results reported that the dessdf FAME and FAEE can be
predicted within a deviation af 1.5 %, with exception of linolenate esters forhag
temperatures due to a poor model description ofpbleunsaturation effect on the

densities.
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Figure 2. Relative deviations between density of ethyl espeeslicted by GCVOL and
this work’s experimental data as function of tenap@re: , ethyl linoleate;

, ethyl linolenate; and , ethyl arachidate.
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The isobaric expansivity coefficient at constarggsure §,) is defined as

a,= Minr
m
The logarithm of density exhibits a linear behawath temperature in the studied

(@)

temperature range. The isobaric expansivities estichfrom the experimental data are

reported in Table 4.

Table 4. Isobaric Expansivities,ap, for the Studied Fatty Acid Esters, and

Corresponding 95 % Confidence Limits

% 10/K: £ tsa,) 10

Ethyl Linoleate 0.847 0.002
Ethyl Linolenate 0.850 0.002
Ethyl Arachidate 0.854 0.003
Methyl Palmitoleate 0.894 0.005
Methyl Linolenate 0.840 0.002
Methyl Arachidate 0.860 0.002
Methyl Gadoleate 0.836 0.001
Methyl Behenate 0.841 0.001
Methyl Erucate 0.827 0.001
Methyl Lignocerate 0.829 0.001

s - standard deviation

Viscosity

The experimental data of viscosity of several migasters here studied are reported
in Table 5. As observed in a previous wWdrthe viscosity of all esters increases with

the ester chain length and decreases with the éévweisaturation.
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Table 5.Experimental Viscosities, in mPa&, for Fatty Acid Ethyl and Methyl Esters

T/K Ethyl Methyl

Linoleate Linolenate Arachidate Palmitoleate Linolenate Arachidate Gadoleate Behenate Erucate Lignocerate
278.15 8.1875 6.2820 6.1685 6.3612 14.340 78.08
283.15 7.0842 5.5379 5.3667 5.6183 11.975 B4.94
288.15 6.1652 4.9210 4.6617 5.0032 10.131 $2.55
293.15 54231 4.4014 4.1075 4.4844 8.6667 70.65
298.15 4.8073 3.9606 3.6471 4.0429 7.4879 2.141
303.15 4.3074 3.5831 3.2886 3.6665 6.5284 B.906
308.15  3.8539 3.2578 2.9430 3.3405 5.7379 a.917
313.15  3.4060 2.9750 2.6162 2.9253 5.0803 5957
318.15 3.1608 2.7281 5.6573 2.4218 2.6750 4.5289 5.4021
323.15 2.8291 2.5114 4.9733 2.1751 2.4725 4.8319 .0624 4.7602
328.15 2.6411 2.3204 4.5070 2.0304 2.3030 4.3226 .6649 4.3306
333.15  2.4287 2.1511 4.0577 1.8697 2.1234 3.8888 .3233 4.7493  3.9100
338.15 2.2414 2.0004 3.6714 1.7275 1.9659 3.5170 .0278 42736  3.5480 5.1392
343.15 2.0753 1.8658 3.3373 1.5945 1.8165 3.1964 .7709 3.8657 3.2344 4.6279
348.15 1.9270 1.7450 3.0462 1.4822 1.6878 2.9177 .5462 3.5133 2.9609 4.1894
353.15  1.7727 1.6362 2.7799 1.3656 1.5827 2.6745 .3482 3.2066 2.7070 3.8102
358.15 1.6757 1.5382 2.5690 1.2898 1.4877 2.4612 1738 2.9392 2.5097 3.4797
363.15 1.5685 1.4491 2.3716 1.2070 1.4021 2.2726 .0188 2.7087 2.3223 3.1895
368.15 1.3684 2.1961 1.3272 2.1066 1.8807 2.5020 2.9327
373.15 1.2950 2.0395 1.2527 1.9591 1.7576 2.3169 2.7066
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To better ascertain the experimental data of viscdsere measured, these were
compared with literature data as shown in FigurdJdfortunately the comparison
limited due to the lack of viscosity data in litene for the esters here studied. Only
viscosities of four FAMES and one FAEE®! were found and used on this comparison.
The relative deviations observed reached a maximenmation of 15 % against the data
|1

by Meirelles et al'® as discussed in a previous wBrthese deviations must be due to

experimental problems on the data reported by uitigoas.
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Figure 4. Relative deviation of methyl and esters dynamgresity data available in

the literature®®3!

as a function of temperature:, ethyl linoleate; , ethyl
linolenate; , methyl palmitoleate; , methyl linolenate; and, , methyl

erucate. Zero line is this work’s experimental data

The Vogel Tammann-Fulcher equation (3) was usedetscribe the experimental

viscosities as a function of temperature.

B
(T/K - To) (3)
where A, B and ¢ are fitting parameters whose values were estimate@dg an

mmPas=exp A+

optimization algorithm based on the least-squarethad. The values of the parameters
in conjunction with their uncertainty and the aygrabsolute deviations (AAD %) of
the correlation are reported in Table 6. The resslibw that the VTF equation provides
a good description of the experimental data ofosgy with a maximum value of AAD
of 0.52 %.
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Table 6.Vogel Tammann-Fulcher Equation Constants for Eihgl and Methyl Esters
over the Temperature Range (278.15 to 373.15) H,@orresponding 95 %

Confidence Limits

A s, B/K * { S To/K * S A(AO/?)*
Ethyl Linoleate -2.54 0.23 715.05 88.3 124.13 11.7 0.49
Ethyl Linolenate -2.67 0.46 795.17 202 101.67 24.5 0.053
Ethyl Arachidate -2.90 0.23 906.95 92.0 122.33 12.0 0.22
Methyl Paimitoleate . g7 0.35 748.28 159 118.44 19.8 0.52
Methyl Linolenate 3 00 0.12 904.38 48.4 91.88 6.42 0.74
Methyl Arachidate  _p 72 0.02 806.47 7.20 135.35 0.938 0.0070
Methyl Gadoleate .7 54 0.02 733.80 7.22 137.19 0.877 0.071
Methyl Behenate -2.53 0.15 768.64 52.3 145.06 6.17 0.036
Methyl Erucate -2.41 0.12 715.39 52.4 143.27 6.26 0.38
Methyl Lignocerate .2 g7 0.022 951.53 9.76 127.00 1.32 0.021

s -standard deviation

N _ 1 N ppe(exp - calg) .
AAD= - ""ABS Cale 100

p

The Ceriani et a® (CM) and the Marrero et &.(MG) group contribution models
were evaluates against the viscosity data here urezhsThe deviations between the
experimental and predicted viscosities are showhaiple 7. The CM model presented
an overall deviation of 11.9 % for all minority et studied with the maximum
deviations of 21.7 % for ethyl linolenate and 2%%or methyl linolenate respectively.
These deviations denote some limitations of CM rhaderedicting viscosity of the
unsaturated esters. The MG method is much lesgaecwith an overall AAD of 25.7

%, and large deviations for all minority esters.
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Table 7. Absolute Average Deviation between the Measureatddsy of Pure Ethyl

and Methyl Esters over the Temperature Range (848.873.15) K and those
Estimated by CM and MG Models

CM (%) MG (%)
Ethyl Linoleate 7.84 29.5
Ethyl Linolenate 21.7 31.0
Ethyl Arachidate 17.3 23.5
Methyl Palmitoleate 5.95 24.1
Methyl Linolenate 25.9 18.4
Methyl Arachidate 11.8 13.4
Methyl Gadoleate 9.30 25.9
Methyl Behenate 18.2 44.3
Methyl Erucate 0.250 27.5
Methyl Lignocerate 0.270 19.5
Overall AAD 11.9 25.7

Conclusions

New experimental data for the densities and visiessiof pure saturated and
unsaturated methyl and ethyl esters from minoribdiesel fuel composition, in the
temperature range (273 to 363) K and at atmosplmassure are presented. New
correlations of the density and viscosity depengemgth temperature are also
proposed. The experimental data here reported wszd to test density and viscosity
predictive models.

The GCVOL model predictions were compared withdkperimental liquid densities
to show that it is able to describe the FAMEs a®EEs densities with deviations
smaller than 1 % for saturated compounds and 2r%rfeaturated.

The Ceriani et al. method showed to be superithedMarrero et al. method in terms

of predictive ability for viscosities, presenting averall average deviation of 11.9 %
for all minority esters here studied.
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Abstract

Density is an important biodiesel parameter witlpact on fuel quality. Predicting
density is of high relevance for a correct formolatof an adequate blend of raw
materials that optimize the cost of biodiesel fyebduction while allowing the
produced fuel to meet the required quality stanslaftie aim of this work is to present
new density data for different biodiesels and Use rteported data to evaluate the
predictive capability of models previously propodedpredict biodiesel or fatty acid
methyl esters densities. Densities were measureal foe ten biodiesel samples, for
which detailed composition is reported, at atmosph@essure and temperatures from
278.15 to 373.15 K. Density dependence with tempezacorrelations was proposed
for the biodiesels and isobaric expansivities aes@nted. The new experimental data
here presented were used, along with other litexatata, to evaluate predictive density
models such as those based on Kay’s mixing ruldstteen GCVOL group contribution
method. It is shown that Kay's mixing rules andegised form of GCVOL model are
able to predict biodiesels densities with averagaations of only 0.3%. A comparison
between biodiesel densities produced from simitgetable oils, by different authors,
highlights the importance of knowing the detailemmposition of the samples. An
extension of GCVOL for high pressures is also psagbhere. It is shown that it can
predict the densities of biodiesel fuels with agerdeviations less than 0.4%.

Keywords: Biodiesel, Fatty Acid Methyl Esters, Density Patitin, Kay's mixing
rules, GCVOL.
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1. Introduction

Biodiesel is a promising alternative energy resedor diesel fuel, consisting of alkyl
monoesters of fatty acids, obtained from vegetablgeor animal fats combined with a
short chain alcohol. It has properties similar tdimary diesel fuel made from crude oill
and can be used in conventional diesel engines outithany motorization
transformation. Transesterification by alkalineatgis is the most common process for
producing biodiesel at industrial level. Biodiesel more environmentally friendly,
nontoxic and biodegradable compared to diesel'ftiel.

Biodiesel fuel has to fulfill a number of qualityaadards. In Europe, the biodiesel
fuel standards are compiled in the Norm CEN EN #42hd in USA in the ASTM
D675F. Norms specify minimum requirements and test nastor biodiesel fuel to be
used in diesel engines and for heating purposestder to increase the biodiesel fuel
quality and its acceptance among consumers. Deissign important fuel property,
because injection systems, pumps and injectorst dekver an amount of fuel
precisely adjusted to provide proper combusti@oudy and Seefsand Baroutian et
al® show that fuel density is the main property thaftuences the amount of mass
injected. Density data is also important in numserawnit operations in biodiesel
production. Density data is required to be knowprperly design reactors, distillation
units and separation process, storage tanks amegE@iping:'° Density depends on
the raw materials used for biodiesel fuel producmd on the biodiesel methyl esters
profile!* Following a previous work addressing biodiesefcosity predictions?, this
work aims at evaluating the best predictive modils biodiesel densities and
subsequent revision of them.

Rapeseed, soybean and palm oils are the most coymseed oils to produce
biodiesel, although non edible oils, such as Jh@pmre becoming more important.
The capacity to correctly predict biodiesel dempsitis of major relevance for a correct
formulation of an adequate blend of raw materidtsiray at producing biodiesel
according to the required quality standafdéwith the lowest production costs.

Three main types of methods exist for estimatiggiti densities of pure compounds.
The first types are the methods based on the qmnelng states theory, such as the

Rackett equation and the Spencer and Danner m&tHod>'°These methods have,
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however, some disadvantages such as the requireshenitical properties and since
they oftenly use experimental data adjusted parmsethey have a limited predictive
ability. The second type of methods is based oringixules, such as Kay$? that
allow the estimation of a mixture density providhattthe composition of the fuel and
the densities of the pure compounds are known. HEreyonly applicable to simple
mixtures with a near ideal behavior. Finally, grotgntribution models are another
approach that only requires the chemical struotfithe desired molecule to be known
to estimate the thermophysical properties, suchligqsid densities. The group
contribution method GCVOE is a predictive model that was shown in previous
works™** to be able to provide pure fatty acid methyl est€FAMES) densities
descriptions within 1% deviation.

There are several publications in the literatuespnting density data for biodiesels in
wide ranges of temperatures, but usually no inféionaabout biodiesels compositions
is provided and thus this data cannot be used fodednevaluation. The scarcity of
biodiesel density data for which composition infatran is available, limits the use of
these models to predict this property for biodidésels.

In the present work, we report new experimentalsdgndata for ten biodiesel
samples, for which a detailed composition is prestnThey were produced from
different vegetable oils or oil blends as repotbetbw. The data cover the temperature
range from 278.15 to 373.15 K at atmospheric pressCorrelations for the
temperature dependency of the experimental datareperted and the isobaric
expansivities estimated.

These data, along with other data collected fraerdiure, are used to carry out a

critical evaluation of biodiesel density predictivedels.

2. Experimental Section

2.1. Biodiesel samples synthesis

Ten biodiesel samples were studied in this worko Divthese samples were obtained
from Portuguese biodiesel producers, namely Soynd &P (Soybean+Rapeseed).
Eight biodiesel samples were synthesized at ouorédbry by a transesterification
reaction of the vegetal oils: Soybean (S), Rapeq&d and Palm (P), and their
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respective binary and ternary mixtures: Soybean€Regd (SR), Rapeseed+Palm (RP),
Soybean+Palm (SP), and Soybean+Rapeseed +Palm @RP$unflower (Sf). The
molar ratio of oil/methanol used was 1:5 with 0.56@ium hydroxide by weight of oil
as catalyst. The reaction was performed at 55 D@4 h under methanol reflux. The
reaction time chosen was adopted for convenienddaguarantee a complete reaction
conversion. Raw glycerol was removed in two stéps first after 3 h reaction and then
after 24 h reaction in a separating funnel. Bioelie@gas purified by washing with hot
distillated water until a neutral pH was achievélde biodiesel was then dried until the
EN ISO 12937 limit for water was reached (less tb@0 ppm of water). The water
content was checked by Karl- Fischer titration.

Biodiesel was characterized by GC-FID following tBetish Standard EN14103

from EN 142144 to know the methyl esters compasitibthe samples.

2.2 Experimental Measurements

Density measurements were performed in the temperaange of 278.15 to 373.15
K and at atmospheric pressure using an automatéd 3800 Anton Paar rotational
Stabinger Viscometer. The apparatus was equippgdawibrating U-tube densimeter.
The absolute uncertainty of the density is 0.008k3. The SVM 3000 uses Peltier
elements for fast and efficient thermostability.eTiemperature uncertainty is £0.02 K
from 288.15 to 378.15 K. The SVM was previouslyteédsfor other compounds and
presented a very good reproducibility.13,23 Therumsent was rinsed with ethanol
three times and then pumped in a closed circuibastant flow of the solvent during
twenty minutes at 323 K. This cleaning cycle wgsested with acetone and then kept
at 343 K for thirty minutes under a stream of aiehsure that the measurement cell was
thoroughly cleaned and dried before the measureofenhew sample.

Capillary gas chromatography was used to deterthi@&omposition in methyl ester
of biodiesel samples. A Varian CP-3800 with a flamoeization detector in a split
injection system with a Select™ Biodiesel for FAMIBIumn, (30 m x 0.32 mm x 0.25

m), was used to discriminate between all methykresin analysis inclusively the
polyunsaturated ones. The column temperature waat $20°C and then programmed
to increase up to 250 °C, at 4 °C/min. Detector iajettor were set at 250°C. The

carrier gas was helium with a flow rate of 2 mL/min
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3. Density models

3.1. Linear Mixing Rules

Kay's Mixing Rule$®? are the simplest form of mixing rules by which toie
properties are obtained by summing the productghef component properties by
weighting factors, which are usually the concerdrat of the components in a mixture.
For example,

r= cr, Eqg. 1
wherec; is the concentration ang Iis the density of component

The major drawback in the application of linear mixrules is that they require the
knowledge of the experimental densities of the par@ponents present on the mixture
and assume that the mixture excess volumes ar@gitdgl This may be not feasible for
many real fluids because they are either compogeallarge number of compounds or
they have different natures and subsequently tlessxvolumes are non negligible.
However biodiesels are simple mixtures composedjeineral, by less than ten fatty
acid esters all from the same family and consedyiertess volumes are very small. In
fact, they have been used before by several auticorgedict biodiesels densities.
Janarthanan and Clemméftiirst used this approach with molar fraction asgiéng
factors. Tat and Gerp&hproposed the use of mass fractions as weightictprfa
Nevertheless, the dimensionally correct way toameentrations in Kay’s mixing rules
to predict densities would be as volumetric fratsio Recently, new accurate
information about biodiesels fatty acid methyl esteomposition was reported*

allowing the application of Kay’'s Mixing Rules togalict biodiesels density data

3.2. GCVOL Group Contribution Method

GCVOL is a group contribution method developed fbe prediction of molar
volumes of liquids. It is a completely predictiveodel based exclusively in the
molecular structure of the compound. With this apph liquid densities, even for
strongly polar solvents, can be predicted with areof approximately 1% in the

temperature range between melting temperaturetendarmal boiling point?
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In previous works*'*we have shown that good descriptions of fattyresiensities
could be obtained with this model.

For the calculation of liquid densities the relatibetween molecular weight)W,
and molar volumey,, is used

X;MW,
r=—t Eq. 2
1]
Being x, the molar fraction of the componentThe molar volume of a liquig is

calculated by the following equation
V= nby Eq. 3
wheren; is the number of grouioI and the temperature dependency of molar group,
Dn, in cn? mol?, is given by the following simple polynomial furan
Dv =A+B X +C A? Eq. 4
whereT is the absolute temperature that can vary betwleemelting point and the
normal boiling point when the model is used to predensities of solvents. Thg, B
and C; parameters were obtained from Elbro ef?alhe original GCVOL model
presented 36 different group parameters for a tyaé chemical classes, such as
alkanes, aromatic, alkenes, alcohols, ketoneshwiiis, esters, ethers, chlorides, and

siloxanes.

3.3. Extended GCVOL Group Contribution Method

Since the publication of GCVOL in 1991 other nevougps were defined and new
parameters for different functional groups were lighled. In 2003 an extension and
revised version of GCVOL, with new parameters fibrgeoups, was published. This

version of the GCVOL was also tested in this work.

3.4. Database for Biodiesels Densities

Although some biodiesel density data can be foumdliterature, information

concerning the detailed biodiesel composition, otti&an just the oil used in the
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biodiesel synthesis, is scarce. Densities in a gaofy temperature, instead of the
standard value at 15 °C required by the EN 1424r¢ also rare.

Detailed biodiesel composition is required for #@aplication of the models here
selected. The database used in this study, reportédble 1, was collected from the
literature and supplemented with the new experialatdta for ten biodiesels measured
in this work. The most important oils used in bes#l production (soy, rapeseed and
palm) were covered by this study, and mixtureshefit as well as other vegetable oils
(sunflower and two biodiesel samples from a Portsgubiodiesel producer) were also
used. Literature soybean biodiesel density dat@ wempiled even without information
about esters composition, in order to compare tedata from distinct oil crops of the

same kind.

Table 1.Biodiesels used in this study.

Temperature Rang Density Range /

Reference Biodiesel Oil Source s
/K kgem

Baroutian et af. PalmsS Palm 288.15-363.15 821.5-875.9
Benjumea et &’ PalmA Palm 313.15-373.15 809.0-853.3
Hubber et af® SoyAB  Soybean 278-333 849.41-893.23

SoyBB  Soybean 278-334 848.58-892.37
Tatand Van Gerpéh  goyTG ~ Soybean  273.15-373.15 831.40-897.60
Nogueira et af’ Soyc ~ Soybean  29315.373.15 828.0-885.8

Cotton  Cottonseed  293.15-373.15 814.6-876.2
Veny et af’ Jatrop ~ Jatropha  288.15-363.15  825.67-880.32

4. Results and Discussion

New experimental density data for eight biodiessisthesized in this work and for
two industrial biodiesels are reported in Tablé-@r palm oil biodiesel, measurements
were only carried at temperatures above its clooithitp Table 3 reports the methyl

esters compositions of the studied biodiesels.
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Table 2. Experimental Density, in ka3, for Methylic Biodiesel.

T/K S R P SR RP SP SRP St GP SoyA
278.15 894.6  893.3 893.2 889.5 890.4 894891.8

283.15 890.9 889.6 889.5 885.8 885.7 886.7 890888.0 888.4
288.15 887.3 886.0 8779 8857 882.1 882.0 883.87.283 884.3 884.7
293.15 883.6 8823 874.1 882.0 878.4 878.2 879.83.58 880.6 881.0
298.15 880.0 878.6 8704 878.3 874.7 8745 875%9.88 876.9 877.3
303.15 876.3 875.0 866.7 874.7 871.1 870.9 871.96.28 873.2 873.6
308.15 872.7 8713 863.0 871.0 867.4 867.2 868.22.68 869.6 870.0
313.15 869.0 867.7 8594 867.3 863.7 8635 864.68.98 865.9 866.3
318.15 865.3 864.1 855.7 863.7 860.1 859.9 860.685.33 862.2 862.7
323.15 861.7 860.4 852.1 860.1 856.5 856.3 857.81.68 858.6 859.0
328.15 858.0 856.8 8485 856.4 852.8 852.6 85368.08 855.0 855.4
333.15 854.3 853.2 8449 85238 849.2 849.0 85094.48 8514 851.8
338.15 850.7 8495 841.2 849.2 845.5 845.4 846.80.78 847.7 848.2
343.15 847.0 8459 837.6 8456 841.9 841.8 842.87.18 844.1 8445
348.15 843.4 8423 834.0 8420 838.2 838.1 839.23.58 840.5 840.9
353.15 839.8 838.7 8304 8384 834.6 8345 835.89.98 836.9 837.3
358.15 836.1 835.0 826.8 834.9 830.9 831.0 832.86.38 833.3

363.15 8325 8314 8232 831.3 827.3 827.4 828.32.88 829.8

Table 3. Compositions of the Biodiesels studied, in massgrgage.

Methyl S R P SR PR SP SRP Sf GP SoyA
Esters

C10 0.01 0.03 0.02 001 001

c12 0.04 024 003 020 018 014 002 0.02

cl4 0.07 007 057 009 054 001 038 007 013

C16 10.76 522 4245 8.90 23.025.56 18.97 6.40 10.57 17.04
c16:1 0.07 020 013 015 0.17 011 014 009 0.13

c18 3.94 162 402 276 3.02 404 328 422 266733

Ci18:1 22.96 62.1141.92 41.82 52.9233.13 4251 23.90 41.05 28.63
C18:2 53.53 21.07 9.80 37.51 15.4731.72 27.93 64.16 36.67 50.45

C18:3 702 695 009 7.02 308 358 466 012 7.10

C20 038 060 036 046 049 039 045 0.03 044
C20:1 023 13 015 068 067 020 052 0.15 0.67
Cc22 080 035 009 046 024 032 033 0.76 045
Cc22:1 024 019 000 012 009 012 0.14 0.08 0.12
C24 0.22 0.15 0.63 0.53

The experimental data show that the biodieselsiyedecreases with increasing
temperature and with the level of unsaturation led FAMES, as expected from

previous work&**where the same behavior for pure compounds wasredss.
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The density data here measured were correlatedg uainlinear temperature
dependency using an optimization algorithm basethereast-squares method,
r/kgm*=bxT /K +a Eg.5
and the parameter values along with their confiddimits are reported in Table 4.

This approach was already adopted previously feersé pure methyl and ethyl esters.
13,14

Table 4. Density Correlation Constants for Biodiesel Methikters over the

Temperature Range 278.15 to 363.15 K and Correspg®8% Confidence Limits.

b/kgemK?* + S a / kgem® + t* Sy

S -0.731 0.001 1097.9 0.2
R -0.728 0.001 1095.6 0.3
P -0.728 0.002 1087.4 0.6
SR -0.728 0.003 1095.4 0.9
RP -0.731 0.001 1092.8 0.3
SP -0.728 0.002 1091.7 0.7
SRP -0.729 0.002 1093.0 0.7
Sf -0.728 0.002 1097.0 0.7
GP -0.729 0.002 1094.4 0.8
SoyA -0.730 0.001 1094.8 0.4

s - standard deviation

The isobaric expansivity coefficient at constarggsure ) is defined as

Tin r
p ﬂT )
and was estimated from the measured data. In thpet@ture range investigated, the

Eg. 6

variation of a, with temperature is below the precision of ouradathe value ofa,
reported is estimated at 298 K and will be herenaks a constant for the biodiesel fuels
studied. The isobaric expansivities estimated Herdifferent biodiesels are reported in
Table 5. These values are similar to those forrdviediesel fuels previously reported
in the literature and to the expansivities obserfeedpure fatty acid methyl esters:*
Though thea, values obtained are statistically similar a tremith the unsaturation

content of biodiesels is observed.
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Table 5 Isobaric Expansivitiesap, for the Studied Biodiesel Methyl Esters and
Corresponding 95% Confident Limits at 298 K.

aP'103/ K % te S 010°

S 0.847 0.004
R 0.844 0.004
P 0.856 0.002
SR 0.844 0.002
RP 0.852 0.004
SP 0.851 0.002
SRP 0.849 0.002
Sf 0.843 0.002
GP 0.847 0.002
SoyA 0.846 0.002

s - standard deviation

To study the predictive ability of the various mtsdevestigated in this work, the
relative deviations (RDs) for the predicted demsitior each biodiesel were estimated
according to Eq.7

’

RD:M' 100 E
r 9.7

exp
wherer is the density in kgn™>. The average relative deviation (ARD) was cal@dat
as a summation of the modulus of RD over Np expamtal data points. The overall

average relative deviation (OARD) was calculatedElly 8

ARD
OARD= - Eq. 8

S

whereNs is the number of systems studied.
The ARDs for each biodiesel studied are reportedahle 6, while the RDs of the

individual data points for the 18 biodiesel samp@lesshown in Figure 1 (A to C).
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Table 6. Absolute Relative Deviations for the models testald numbers are the total
group OARD.

GCVOL Kay Mixing Rules

Original Extension Revised Y X W
S 0.750 4.01 0.039 0.306 0.302 0.292
R 0.789 2.09 0.173 0.520 0.520 0.520
P 0.349 3.95 0.068 0.314 0.340 0.356
SR 0.594 2.84 0.093 0.318 0.312 0.305
RP 0.430 1.22 0.046 0.476 0.485 0.464
SP 1.00 0.537 0.509 0.254 0.256  0.247
SRP 0.964 1.02 0.416 0.318 0.328 0.310
Sf 0.776 4.16 0.043 0.328 0.324 0.319
GP 0.473 2.49 0.239 0.174 0.170 0.161
Soy C 1.07 4.52 0.319 0.553 0.551 0.537
Cotton 0.187 1.32 0.693 0.393 0.372  0.406
SoyA 0.515 1.72 0.036 0.375 0.306  0.305
PalmS 0.144 3.95 0.285 0.124 0.142 0.130
PalmA 0.470 4.74 0.792 0.312 0.330 0.363
SoyAB 0.555 0.393 0.097 0.168 0.169  0.408
SoyBB 0.624 0.178 0.103 0.362 0.361  0.600
SoyTG 0.851 9.05 0.385 0.500 0.507 0.253
Jatrop 0.321 0.127 0.228 0.084 0.090 0.086
OARD% 0.603 2.69 0.254 0.327 0.326 0.337
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Figure 1. Relative deviations between experimental and ptedidensities as function
of temperature using A) Kay Mixing Rule with mofaaction as a concentration factor,
B) original GCVOL model, and C) Revised GCVOL mott# 18 biodiesel fuels. Zero
line is experimental data. Legend:P, S, R, SR, PR, SP,-SRP,-Palms,

SoyBA?®, SoyBB®, SoyTG?® Jatropg, Sf, GP, SoyC® -Cottorf®, -SoyA,
and PalmA®.
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Three versions of the Kay’s Mixing Rule, with masglar and volumetric fractions,
were used to predict the biodiesels densities. Panepound densities were obtained
from our previous worké** Detailed results are reported on Table 6 fortiad
biodiesel studied. Very good predictions were ofgdiwith all the three approaches
considered, with ARD of about 0.33%. No significaifferences between the results
obtained with the different versions of the Kay'sxMg Rule are observed, what may
come as a surprise but that can easily be justifiethe similarity of the compounds, in
nature and size, present in the biodiesels, regultin similar concentrations values
wherever are the units adopted resulting in a matgmpact on the prediction (Figure
1A).

The two versions of GCVOL model were also used riedjgt biodiesels densities.
Results for the relative deviations are reportadaibthe biodiesels studied in Table 6.
To define the ester group, parameters for both-@@O- and —CHCOO-groups were
tested, and large deviations were reported whemgushe —-CHCOO-group.
Consequently, the —COO- group was adopted in tbi&k wo describe the ester group.
The results reported suggest that, the originadiearof GCVOL, with overall average
deviations of 0.60% is far superior to the Extend®@@VOL version with overall
average deviations of 2.7%.

Results from previous works of olit$* and the ones shown in Figure 1B indicate
that the GCVOL has a poor performance for unsagdratethyl esters and biodiesels
with higher content of unsaturated esters, sugogisean biodiesel. The results suggest
that the temperature dependency of the —CH= paesame&tnot correct and can be
improved.

New values forA, B andC; for the double bond parameter (—-CH=) were estimated
based on the density data for fatty acid estersrtegh in previous works of odrs**and
used to predict the densities of the biodiesels berdied. The new values for the —-CH=
parameter here proposed, reported in Table 7, eethe overall relative deviations of
the GCVOL predictions from 0.60% to 0.25%. Figur€ Jresents the relative
deviations obtained by the revised GCVOL modelustion of the temperature and it
Is shown that the deviations are now essentiathperature independent.
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Table 7. Parameters used for the models tested: GCVOL, HetkGGCVOL and new
parameters proposed in this work.

Revised
GCVOL Extended GCVOL GCVOL
CH2 CH3 CH= COO CH2 CH3 CH= COO CH=
A 1252 18.96 6.761 14.23 12.04 16.43 -1.651 61.15 11.43
B/10 1294 4558 2397 1193 141 5562 93.42 -248.2 6.756
C/10 0 0 0 0 0 0 -14.39 36.81 0

The revised GCVOL model was here extended to higissures using an approach
previously proposed by Gardas and Coutffifior ionic liquids and described by Eq. 9.
M W
V(T){1+cP)

where r is the density in g/ cfh Mw the molecular weight in g/moV(T) the molar

r(T,P)= Eq. 9

volume in cnimol* predicted by GCVOLP the absolute pressure in MPa ana
fitting parameter. Experimental high pressure deessiof three methyl esters (laurate,
myristate and oleate) reported by us elsewheveere used to estimate the ¢ parameter
with a value of -5.7x16 MPa’, describing high pressure densities of the megktérs
with average deviations of 0.3% as reported in &a&blEquation 9, using this c value,
was then used to predict high pressure densitieg foiodiesel fuels?” The relative
deviations (RDs) between experimental and predidiusities as function of pressure
at 293.15 K are presented in Figure 3. The averalggive deviations (ARD) for all
compounds here studied are presented in Table 8. oMerall average deviation
(OAAD) of only 0.37 %, confirms that the extensitinhigh pressures of the GCVOL
model here proposed can provide excellent predistaf densities of different biodiesel
fuels at high pressure.
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Figure 3. Relative deviations between experimental and ptedidensities as function
of pressure at 293.15 K using an extension of GCWidel for 3 methyl esters and 7
biodiesel fuel¢’. Legend: P, S, R, SR, PR, SP,-SRP, Sf, MEC12,
MEC14 and MEC18:1

Table 8. Average relative deviations (ARD) for biodieselslanethyl esters densities at
high pressures calculated with the GCVOL extensidmgh pressures.

Compounds ARD (%)
MEC12 0.27
MEC14 0.28
MEC18:1 0.29

P 0.47

S 0.52

R 0.74

Sf 0.23

RP 0.30

SP 0.29

SR 0.40
SRP 0.32
OARD (%) 0.37
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It may be argued that the requirement of knowirg lifodiesel detailed composition
to predict biodiesel densities requires too mudbrefvhen there are plenty of density
data in the literature for biodiesels from a langenber of vegetable oils. A comparison
between the data reported by different authordHerdensities of biodiesels produced
from soybean oil, presented in Figure 2, showselaifferences that cannot be assigned
to experimental errors but to the differences ia thl compositions. These results
clearly support the idea that a detailed charazgadn of the biodiesel composition is

required even for estimating a simple property sagkensity.
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Figure 2. Density values in function of temperature for difiet soybean biodiesel
samples. Legend: Blangino and Romartd ~ Tat and Van Gerpéf) Tate et af’,
Yoon et af®?, SoyBA®, SoyBB® SoyCG®, S, and SoyA.
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5. Conclusions

New experimental data for the density of ten bisdig in the temperature range 273
to 363 K and at atmospheric pressure are reported.

The experimental data here measured were usedstoptedictive models for
biodiesels densities. Three versions of the Kayising rule and two versions of the
GCVOL model were investigated. With exception o taxtended GCVOL model all
approaches seem to be able to describe the bitsligsesities with deviations smaller
than 1%. The various approaches to the Kay’'s mixings studied produce similar
results and the revised version of the GCVOL modete proposed predicts the
biodiesels densities with deviations of only 0.25%.

An extension of the GCVOL model to high pressureshere proposed based on
correlated data for three methyl esters. It watetes the 7 biodiesel fuels studied and
it is shown that it can predict densities in a widage of pressures and temperatures
with an overall average absolute deviation (OAADD®7 %, being these deviations

not sensible to the pressure.
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Abstract

Density is one of the most important biodiesel prtips, since engine injection
systems (pumps and injectors) must deliver an amotifiuel precisely adjusted to
provide a proper combustion while minimizing greenée gases emissions. Pressure
influence in fuel density has becoming particularhportant with the increase use of
modern common rail systems where pressure can gsfiviPa.

Nevertheless, besides its importance, little atbenbhas been given to biodiesels high
pressure densities. In fact, there are almost portg in literature about experimental
high pressure biodiesel density data.

To overcome this lack of information, in this worlew experimental measurements,
from 283 to 333 K and from atmospheric pressuretitMPa, were performed for
methyl laurate, methyl myristate and methyl oleatel for methyl biodiesels from
Palm, Soybean and Rapeseed oils and from threeybamal one ternary mixtures of
these oils.

Following previous works, were the Cubic-Plus-Asabon equation of state (CPA
EoS) was shown to be the most appropriate mode t@pplied to biodiesel production
and purification processes, the new high pressxperanental data here reported was
also successfully predicted with the CPA EoS, wittnaximum deviation of 2.5 %. A
discussion about the most appropriate CPA pure oomgh parameters for fatty acid

methyl esters is also presented.

Keywords: Fatty Acid Methyl Esters, Biodiesels, High-PressuiDensity,

Experimental measurements, modified Tait-Tammamuaigon, CPA EoS.
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1. Introduction

Biodiesel has recently been the focus of increaaitgntion from researchers due to
its rising use as a new energy solution to repfsteoleum based fuels. Its production
has increased exponentially in the last decade) frmridwide negligible productions
in 1990 its production reached over 2500 milliongan 2008. Biodiesel is the most
used biofuel in Europe, reaching the 9.6 millions@f consumptich

Besides its well known environmental advantages pe&oleum fuels biodiesel can
be mixed in all proportions with regular diesel vito motor changes, it's easier to
store and transport and has a more favorable cdinhyzofile™. It consists on a blend
of fatty acid esters that are industrially produtexigh the transesterification reaction
of a vegetable oil or a fat with an alcohol, uspalking a basic catalyst to increase
reaction speed and yiéldRapeseed, Soybean and Palm oils are the most @oiyym
used oils to produce biodiegel

Nowadays, most new vehicles operate with commadndiesel engines, which use
high injection pressures to allow a rapid fuel atation and combustion with
consequent higher engine efficiencies and lowessions. Modern ultra-high-pressure
injection systems can approach pressures of 250MPa

Considering the predictable increase of biodiesel with Europe aiming to replace
20% of fossil fuels for alternative renewable fusleh as biofuels until 2020and the
introduction of common rail engines in new vehicliéss expected that these engines
will work with biodiesel-fuel blends with high bigkel content and eventually even
with pure biodiesels.

As Boudy and Seetsxplained, from the evaluation of the effect offatient fuel
properties on the injection process of common da#ct injection systems, density is
the main property controlling the pressure wave cmmmon rail systems and
subsequently the total mass injected. NOx emissinaease from biodiesel use is
partly related to advancing of injection timing sad by the more rapid pressure wave
transfer from the fuel injection pump to the fuglkictor causing it to open earli&t?

The European Committee for Standardization (CEN)dsablished quality standards
specifying minimum requirements and test methods Hmdiesels, the DIN EN

14214:2018", including density specifications. However, thesandards at ambient
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conditions can hardly be applied for common ratjieas since densities suffer strong
oscillations under high pressures.

Knowledge and description of biodiesel densitiesaasunction of pressure and
temperature are therefore required for a corremtlibsel formulation and for a proper
design and optimization of common rail engines dtgg systems, in order to a
precisely adjusted amount of fuel be delivered ravidle a proper combustion while
minimizing NOx emissiorls However, in spite of its importance, little atien has
been given to high pressure densities of biodiemsiismeasurements and predictions of
that property have been restricted to ambient d¢mmdi. Only Aparicio et a**?
reported density measurements, in the temperammger 288.15 to 328.15 K and
pressure range 0.1 to 350 MPa, for the Rapesee&amitbwer oil methyl esters. Their
experimental results were correlated with the medifait-Tammann equation.

After reporting experimental data for the atmosphepressure temperature
dependence of density for several fatty acid metmd ethyl esters (from the most
commonly found in biodiesels sampiésto the less commdn, for different
biodiesel&®, and studying the best models to predict the dersof biodieséf, we
carried out here experimental high pressure demségsurements for several of these
pure compounds and biodiesels.

New high pressure density data is reported in wuosk for three fatty acid methyl
esters and seven biodiesels, in the temperaturgeré@83 to 333 K and from
atmospheric pressure to 45MPa. Experimental dessivere correlated using the
modified Tait-Tammann equatibhand thermodynamic properties such as isothermal
compressibilities and isobaric expansion coeffidsewere as well calculated and
evaluated, on the temperature and pressure rahgheds

Empirical models, like the modified Tait-Tammanruation, are the most commonly
used to correlate high pressure density experirhéata. In this work, a different and
completely predictive approach was also applieal, ¢bnsisted on the use of the Cubic-
Plus-Association equation of state (CPA EoS) tocdes the experimental data. In
previous work¥?® the CPA EoS was shown to be the most appropmiateel to be
applied to biodiesel production and purificatiomgasses. A discussion about the most
appropriate CPA pure compound parameters for eistatso presented.
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2. Experimental Section

2.1. Materials

Experimental densities were measured for three mathyl esters, for methyl laurate
and methyl myristate supplied by SAFC with purigf® and for methyl oleate at 99%
purity from Aldrich, and for seven different biodels samples. Biodiesels were
synthesized by the transesterification reactionhwitethanol of the vegetal oils:
Soybean (S), Rapeseed (R) and Palm (P) and thgmecBve binary and ternary
mixtures: Soybean + Rapeseed (SR), Rapeseed +(R&mSoybean + Palm (SP) and
Soybean + Rapeseed +Palm (SRP). The molar ratd/ofethanol used was 1:5 using
0.5% sodium hydroxide by weight of oil as a cataly$e reaction was performed at 55
°C during 24 h under methanol reflux. The reactione chosen was adopted for
convenience and to guarantee a complete reactionecsion. Raw glycerol was
removed in two steps, the first after 3h reactiond dhen after 24h reaction in a
separating funnel. Biodiesel was purified trougtsiwag with hot distillated water until
a neutral pH was achieved. The biodiesel was thigadl dintil the EN 1SO 14214 limit
for water was reached (less than 500 mg/kg of Water

Biodiesels were characterized by GC-FID followirng tBritish Standard EN14103
from EN 14214' to know their methyl esters composition. Capillagas
chromatography was used to determine the methgr estmposition of the biodiesel
samples. A Varian CP-3800 with a flame ionizati@tedtor in a split injection system
with a Select™ Biodiesel for FAME Column, (30 m 82 mm x 0.25 m), was used to
differentiate all methyl esters in analysis inckety the poli-unsaturated ones. The
column temperature was set at 120°C and then progea to increase up to 250 °C, at
4 °C/min. Detector and injector were set at 250 carrier gas was helium with a

flow rate of 2 mL/min.
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2.2. Experimental Procedure

Experimental high pressure densities were detemnumgng an Anton Paar 512P
vibrating tube densimeter, connected to an Antaar PéVA 4500 data acquisition unit.
This device determines the vibration period of datlie U-shape cell filled with the
studied fluid, which is directly linked to the sampfluid density. The calibration
procedure used in this case has been describeibpsgvin detaf'? using water and
vacuum as calibrating references. This method esable highest accuracy in density
determination over wide ranges of pressure, and exéble density extrapolation can
be performed. The repeatability in the density galuetermined from the vibration
period measured by the DMA 4500 unit is>tpcmi>.

Temperature stability is ensured with a PolyScie®s#0 circulating fluid bath, and
the temperature value is determined with a CKT1@inum probe placed in the
immediacy of the density measuring cell, with arartainty that has been determined
to be lower than-80°K.

Pressure is generated and controlled using a Ri&k@ pressure controller, whose
pressure stability is-20° MPa. The pumping hydraulic fluid (dioctylsebac8ited) is
in direct contact with the fluid sample inside th8910°m diameter steel pressure line
conduction, with a coil designed to keep a distafaceund 1m) from the fluid contact
interface to the measuring cell, avoiding any diifun effect. The combinations of
density determination repeatability, and the acdesain temperature and pressure
measurement, lead to an overall experimental demsitertainty value that is lower

than 0.1 Kg rit for the whole pressure and temperature range stimignis work.

3. Density models

3.1. Modified Tait-Tammann equation.

Liquid densities were correlated using the modifl@dt-Tammann equatioH. Other
thermodynamic properties were also derived from #guation, such as the isothermal

compressibility coefficientsr, and the isobaric expansion coefficient,
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The following form of the modified Tait-Tammann edjon'’ is used in this work:

;= r(T,P=0.1MPa)
1- Cm@ Eq. 1
(B+0.1)
Where
r(T,P=0IMP3 =a, +a,T +a,T" Eq. 2

In equation 2ga;, a; andag are found by fitting to the experimentdll,P=0.1 MPa)

CoefficientB is defined as:

B=b +b,T+b,T? Eq. 3
coefficientsC, b1, b2 and bs are also obtained by fitting the modified Tait-Taamm
equation to the experimental data.

The Tait equation is an integrated form of an emoglirequation representative of the
isothermal compressibility coefficient behavior s&s pressure. The effect of pressure
in density can be best described by the isothercoahpressibility, ky, which is
calculated according to the following expression:

1N, 1M _ S

vV, TP . r TP ; mwP
where is the density and® the pressure at constant temperature,sothermal

k= Eq. 4

compressibilities can be calculated using equatibhand (4):

Ky = c ! Eq. 5
B+P r(T,P=01MPa)

The isobaric expansion coefficiewd, is defined as:

_1 W, 1 9 _ Ainr

a. = =
TV, T, T, T,
and the following expression is derived from thedified Tait-Tammann equation

Eqg. 6

(equation 1):

dB
a,=- [dr (T, P = 0aMPa)/dT] , (P 0 .

wheredr(T,P=0.1MPa)/dT= a,+2az anddB/dT = +2bs.
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3.2. CPA Equation-of-State.

The Cubic—Plus—Association (CPA) equation of $f&te combines a physical
contribution from a cubic equation of state, instlwork the Soave—Redlich—-Kwong
(SRK), with an association term accounting for rimtelecular hydrogen bonding and
solvation effect®?’, originally proposed by Wertheim and used in otassociation
equations of state such as SAETThe association term included in the CPA EoS
allowed, in previous works from ours, to correallgscribe the water solubility in fatty
acid esters and biodies€lsthe atmospherit and near/supercriticRIVLE of fatty acid
esters + alcohols systems and the LLE of multicamepb systems containing fatty acid
esters, alcohols, glycerol and watér” * since it can explicitly take into account the
solvation phenomena found in these systems containnon-self-associating
compounds (esters) that can associate with sedcegslg compounds like water,
alcohols and glycerol. As, in this work, we arelohgpwith esters mixtures and as esters
are known to not self-associate, the association thsappears from the CPA EoS and
it can be expressed in terms of the compressilfdityor as:

1 ar
Z= -
1- br RT(1+br)
where a is the energy parameter, b the co—volumaerr is the molar density, g a

Eqg. 8

simplified hard—sphere radial distribution function
The pure component energy parameter, a, is obtéioada Soave—type temperature

dependency:

aT) =a, [1+ 01(1- \/f)] 2 Eq. 9
For mixtures, the energy and co—volume parameterscalculated employing the
conventional van der Waals one—fluid mixing rules:

a= XX a;
- i i a, :ﬁ(l- kij) Eq. 10

And

b= xb Eq. 11
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As explained above, for non—associating componenis) as esters, the association
term disappears and CPA has only three pure compqaeameters in the cubic term
(a0, c1 andb). These parameters are regressed simultaneooshyviapor pressure and

liquid density data. The objective function to bmimized is the following:

2 2
exptl calcd exptl calcd
NP P| xpth _ P| NP ri xpth _ I

OF = | Eq. 12

+
exptl exptl
R i ri

With this procedure, better density estimates areviged overcoming SRK
deficiencies in liquid phase density estimates,levteaving the possibility for future

modeling in associating systems.

4. Results and Discussion

Density measurements were carried at temperatanggng from 283.15 to 333.15 K
and pressures from 0.10 to 45.0 MPa, for methytak®) methyl myristate, methyl
oleate, Rapeseed, Soybean, and Palm biodiesel,e&oyh Rapeseed biodiesel,
Rapeseed + Palm biodiesel, Soybean + Palm biodieskfor Soybean + Rapeseed +
Palm biodiesel.

Table 1 reports methyl esters compositions forliogliesels selected for this work.
This information is of major importance since bmskls fatty acid esters profile
determine their chemical and physical propertieshsas densitié& In addition, in a
previous work of ourS, we showed the importance of knowing the detailed
composition of biodiesels to compute their densigeen with simple empirical models
based on mixing rules and group contribution scleeme
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Table 1. Compositions of the biodiesels studied, mass percentage.

Methyl esters S R P SR PR SP SRP
C10 0.01 0.03 0.02 0.01 0.01
C12 0.04 0.24 0.03 0.2 0.18 0.14
Cl4 0.07 0.07 0.57 0.09 0.54 0.01 0.38
C16 10.76 5.22 42.45 8.9 23.09 25.56 18.97
Ci16:1 0.07 0.2 0.13 0.15 0.17 0.11 0.14
Cc18 3.94 1.62 4.02 2.76 3.02 4.04 3.28
ci18:1 22.96 62.11 41.92 41.82 52.92 33.13 42.51

C18:2 53.53 21.07 9.8 37.51 15.47 31.72 27.93
C18:3 7.02 6.95 0.09 7.02 3.08 3.58 4.66
C20 0.38 0.6 0.36 0.46 0.49 0.39 0.45
C20:1 0.23 1.35 0.15 0.68 0.67 0.2 0.52
Cc22 0.8 0.35 0.09 0.46 0.24 0.32 0.33
C22:1 0.24 0.19 0 0.12 0.09 0.12 0.14
C24 0.22 0.15 0.63 0.53

The experimental pressure-volume-temperature (R4t obtained are reported in

Tables 2 to 4 for the pure fatty acid methyl estarg biodiesels.
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Table 2. Experimental density data for the fatty a methyl esters.

( +0.1)/(kg-n) at (T+5.10%)/K

(p+2:10%)/MPa  283.15 293.15 303.15 313.15 323.15 333.15
methyl laurate
0.10 877.1 869.3 861.4 853.5 845.8 837.6
1.00 877.7 869.9 862.0 854.2 846.5 838.4
2.00 878.4 870.6 862.7 854.9 847.2 839.2
3.00 879.1 871.2 863.4 855.7 848.0 840.0
4.00 879.7 871.8 864.0 856.3 848.7 840.7
5.00 880.3 872.5 864.7 857.1 849.5 841.5
10.0 883.3 875.6 867.9 860.4 853.0 845.3
15.0 886.2 878.5 871.1 863.7 856.4 848.7
20.0 889.0 881.5 874.2 866.9 859.8 852.2
25.0 891.6 884.3 877.1 870.0 863.0 855.8
30.0 894.3 887.1 879.9 872.9 866.1 859.0
35.0 896.9 889.7 882.7 875.9 869.1 862.1
40.0 899.3 892.4 885.4 878.7 872.0 865.1
45.0 901.7 894.9 888.1 881.4 874.8 868.0
methyl myristate
0.10 867.2 859.6 851.9 844.2 836.4
1.00 867.8 860.1 852.5 844.8 837.1
2.00 868.4 860.8 853.2 845.6 837.9
3.00 869.0 861.5 853.9 846.3 838.6
4.00 869.6 862.1 854.6 847.0 839.4
5.00 870.2 862.7 855.2 847.7 840.1
10.00 873.2 865.9 858.5 851.1 843.7
15.00 876.1 868.9 861.7 854.5 847.2
20.00 878.9 871.9 864.8 857.7 850.5
25.00 881.6 874.7 867.8 860.8 853.8
30.00 884.3 877.5 870.6 863.8 856.9
35.00 886.9 880.2 873.4 866.7 859.9
40.00 889.4 882.8 876.2 869.5 862.8
45.00 891.8 885.3 878.8 872.2 865.6
methyl oleate
0.10 873.8 866.6 859.3 852.0 844.8
1.00 874.4 867.2 859.9 852.7 845.5
2.00 875.0 867.8 860.6 853.4 846.2
3.00 875.6 868.4 861.2 854.1 846.9
4.00 876.2 869.0 861.9 854.7 847.6
5.00 876.7 869.6 862.5 855.5 848.3
10.0 879.7 872.6 865.6 858.7 851.7
15.0 882.4 875.5 868.7 861.8 855.0
20.0 885.0 878.3 871.6 864.9 858.3
25.0 887.7 881.1 874.4 867.9 861.3
30.0 890.2 883.7 877.2 870.7 864.4
35.0 892.7 886.2 879.8 873.6 867.2
40.0 895.1 888.8 882.5 876.3 869.9
45.0 897.5 891.2 885.0 878.8 872.7
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Table 3. Experimental density data for the methyl bdiesels.

( +0.1)/(kg-n’) at (T+5.10%)/K

(p£210%/ MPa 28315 20315 30315 31315 32315 33315
R
0.10 885.0 877.6 870.3 862.9 855.6 848.2
1.00 885.5 878.2 870.8 863.5 856.2 848.9
2.00 886.1 878.8 871.4 864.1 856.8 849.6
3.00 886.6 879.3 872.0 864.8 8575  850.3
4.00 887.2 879.9 872.7 865.4 858.2 851.0
5.00 887.7 880.5 873.3 866.1 858.8 8517
10.0 890.4 883.3 876.2 869.2 862.1 855.0
15.0 893.0 886.1 879.1 872.2 865.2 858.3
20.0 895.6 888.7 881.9 875.1 868.3 861.4
25.0 898.0 891.3 884.6 877.9 871.2 864.5
30.0 900.5 893.8 887.3 880.7 874.1 867.4
35.0 902.8 896.3 889.8 883.3 876.8 870.3
40.0 905.1 898.7 892.3 885.9 8795  873.0
45.0 907.4 901.1 894.8 888.5 882.1 875.7
P
0.10 885.0 877.6 870.3 862.9 855.6 848.2
1.00 885.5 878.2 870.8 863.5 856.2 848.9
2.00 886.1 878.8 871.4 864.1 856.8 849.6
3.00 886.6 879.3 872.0 864.8 8575  850.3
4.00 887.2 879.9 872.7 865.4 858.2 851.0
5.00 887.7 880.5 873.3 866.1 858.8 8517
10.0 890.4 883.3 876.2 869.2 862.1 855.0
15.0 893.0 886.1 879.1 872.2 865.2 858.3
20.0 895.6 888.7 881.9 875.1 868.3 861.4
25.0 898.0 891.3 884.6 877.9 871.2 864.5
30.0 900.5 893.8 887.3 880.7 874.1 867.4
35.0 902.8 896.3 889.8 883.3 876.8 870.3
40.0 905.1 898.7 892.3 885.9 8795  873.0
45.0 907.4 901.1 894.8 888.5 882.1 875.7
S
0.10 893.6 886.3 879.0 871.8 864.6 857.1
1.00 894.1 886.8 879.5 872.4 865.1 857.7
2.00 894.7 887.4 880.1 873.0 8658  858.4
3.00 895.3 888.0 880.7 873.6 866.5  859.1
4.00 895.8 888.5 881.3 874.3 867.1 859.8
5.00 896.3 889.1 881.9 874.9 867.8 8605
10.0 899.0 892.0 884.9 878.0 871.0 8638
15.0 901.6 894.6 887.8 880.9 874.1 866.8
20.0 904.3 897.3 890.5 883.8 877.1 870.0
25.0 906.7 899.9 893.2 886.6 8800 8732
30.0 909.1 902.4 895.8 889.2 882.8 876.1
35.0 911.5 904.9 898.3 891.9 8855  879.0
40.0 913.7 907.2 900.8 894.5 888.2 881.6
45.0 916.0 909.5 903.3 897.1 890.7 884.3
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Table 4. Experimental density data for the methyl diesels obtained from oil

binary and ternary mixtures.

( +0.1)/(kg-n) at (T+5.10%)/K

(p£210%/ MPa 28315 29315 30315 31315 32315 33315
SR
0.10 891.2 883.9 876.7 869.4 8625  854.9
1.00 891.7 884.5 877.2 870.0 863.0 8555
2.00 892.3 885.1 877.8 870.7 863.7 856.2
3.00 892.8 885.6 878.4 871.3 864.3 856.9
4.00 893.4 886.2 879.0 872.0 8650  857.6
5.00 893.9 886.8 879.6 872.6 865.6 858.3
10.0 896.6 889.6 882.6 875.7 868.8 8617
15.0 899.3 892.3 885.5 878.6 871.9 864.7
20.0 901.8 894.9 888.2 881.5 8750  867.9
25.0 904.3 897.6 890.9 884.3 877.9 871.1
30.0 906.7 900.1 893.5 887.0 880.8 874.0
35.0 909.2 902.5 896.1 889.7 883.4 8768
40.0 911.3 904.9 898.6 892.3 886.2 879.5
45.0 913.6 907.3 901.0 894.8 888.7 882.3
RP
0.10 886.3 879.0 871.7 864.3 8570 8497
1.00 886.8 879.5 872.2 864.9 857.6 850.3
2.00 887.4 880.1 872.8 865.6 858.3 851.1
3.00 888.0 880.7 873.4 866.2 8500  851.8
4.00 888.5 881.3 874.1 866.8 859.6 852.4
5.00 889.1 881.9 874.7 867.5 860.3 853.1
10.0 891.8 884.7 877.6 870.6 8635  856.5
15.0 894.5 887.5 880.5 873.6 866.7 859.8
20.0 897.1 890.2 883.3 876.5 869.7 862.9
25.0 899.6 892.8 886.0 879.3 872.6 866.0
30.0 902.1 895.4 888.7 882.0 8754  868.9
35.0 904.5 897.8 891.2 884.7 878.2 871.8
40.0 906.9 900.3 893.7 887.3 880.9 874.6
45.0 909.1 902.6 896.2 889.8 883.5 8773
SP
0.10 887.4 880.1 872.8 865.5 858.2 850.8
1.00 887.9 880.6 873.3 866.1 858.8 851.5
2.00 888.5 881.2 874.0 866.7 850.5 8522
3.00 889.0 881.8 874.6 867.3 860.1 852.9
4.00 889.6 882.4 875.2 868.0 860.8  853.6
5.00 890.1 882.9 875.8 868.6 8615 8543
10.0 892.8 885.8 878.8 871.7 864.7 857.7
15.0 895.5 888.5 881.6 874.8 867.9 861.0
20.0 898.0 891.2 884.4 877.7 870.9 864.1
25.0 900.5 893.8 887.2 880.5 873.8 867.2
30.0 902.9 896.4 889.8 883.2 876.7 870.1
35.0 905.3 898.8 892.4 885.9 8795  873.0
40.0 907.6 901.2 894.9 888.5 882.1 875.8
45.0 909.9 903.6 897.3 891.0 884.8 8785
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SRP

0.10 888.4 881.1 873.7 866.4 859.2 851.6
1.00 888.9 881.6 874.3 867.0 859.8 852.3
2.00 889.5 882.2 874.9 867.6 860.4 853.0
3.00 890.1 882.8 875.4 868.3 861.1 853.7
4.00 890.6 883.3 876.0 868.9 861.7 854.4
5.00 891.2 883.9 876.7 869.6 862.5 855.1
10.0 893.9 887.8 879.6 872.6 865.7 858.5
15.0 896.6 889.5 882.6 875.6 868.8 861.6
20.0 899.2 892.2 885.3 878.5 871.9 864.8
25.0 901.6 894.9 888.0 881.3 874.8 868.1
30.0 903.9 897.3 890.7 884.1 877.7 870.9
35.0 906.4 899.8 893.1 886.8 880.4 873.7
40.0 908.7 902.2 895.7 889.3 883.0 876.5
45.0 911.0 904.5 898.1 891.8 885.6 879.2

Considering high pressure experimental measuremenits Aparicio et al? reported
previously data for the Rapeseed methyl ester ésalli In the pressure range
considered in this work, experimental Rapeseedityenslues are in good agreement
with the data reported by Aparicio and co-workesssaen in Figure 1. It should be
recalled, however, that no detailed biodiesel cositipm is reported by Aparicio et af
which limits the validity of a comparison since tb@mpositions of the two fluids are
not the same as discussed elsewfiefrom the experimental results it is possible to
observe, for all the pure compounds and mixturediatl, that density decreases both
when temperature increases and pressure dropsxpksted, since a similar behavior
was previously observed for pure unsaturated fattg esters, biodiesel densities also

increase with increasing content on unsaturated EaBhd their unsaturation level.
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Figure 1. Density isotherms for Rapeseed biodiesel. Experiatelata from this work
( ,283.15K; ,293.15K; ,303.15K; ,313.15K; ,323.15K; , 333.15 K) and
from the work of Aparicio et df (-, 288 K; , 308 K;-, 328 K) and modified Tait-

Tammann equation results (solid lines).

The modified Tait-Tammann equation was appliedawetate the experimental data.
Coefficientsa;, a, andag of equation 2 are presented at Table 5 and camiteC, by,
b,, andbs for equation 3 at Table 6. It provides a good @atron for the experimental
data for pure methyl esters and for biodieselsh witmaximum deviation of 0.009%
(Table 6). A graphical illustration is given in ki@ 1 for the case of Rapeseed

biodiesel.
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Table 5. Equation 2 coefficients.

10
kg-m® kg:m®-K* kg-m®-K?

methyl laurate 1085.250 -0.69015 -1.5872
methyl myristate 1076.212 -0.66388 -1.6758
methyl oleate 1092.999 -0.76617 0.6345
biodiesel R 1041.175 -0.36141 -5.9128
biodiesel P 1099.823 -0.77774 0.6757
biodiesel S 1085.338 -0.63419 -1.5251
biodiesel SR 1089.542 -0.68230 -0.6505
biodiesel RP 1095.181 -0.74229 0.1636
biodiesel SP 1093.702 -0.72685 -0.0637
biodiesel SRP 1088.614 -0.68473 -0.7922

Table 6. Coefficients of equations 1 and 3, alongitly Average Absolute Deviation

(AAD) from modified Tait-Tammann equation.

by b, bs-10* AAD
C MPa MPa-K %

methyl laurate
methyl myristate
methyl oleate
biodiesel R
biodiesel P
biodiesel S
biodiesel SR
biodiesel RP
biodiesel SP
biodiesel SRP

0.08803 466.39 -1.6886 16.9517 0.008
0.08715 580.56 -2.3911 28.0143 0.006
0.08486 510.32 -1.9231 20.5896 0.003
0.08698 414.00 -1.2517 9.7351 0.006
0.08776 683.20 -2.9750 37.1266 0.009
0.08787 520.22 -1.9201 20.3902 0.007
0.08973 595.81 -2.3825 27.6369 0.008
0.08760 351.31 -0.8827 4.2086 0.005
0.08589 576.64 -2.3249 26.9757 0.007
0.08280 496.92 -1.8604 19.8567 0.008

"global AAD %

0.007

D
global AAD % = ~100

S

where Ns is the number of systems studied.
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From the modified Tait-Tammann equation it was a|sossible to compute

isothermal compressibility coefficient&;, and isobaric expansion coefficientss.

These properties are partial derivatives of theifipevolume as a function of pressure

or temperature, respectively. Examples of both @rigs in the temperature and

pressure ranges studied are presented for Rapéseéigsel in Figures 2 and 3,

respectively.
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Figure 2. Isotherms for the isobaric expansion coefficiept,of Rapeseed biodiesel ,(
283.15 K; , 293.15 K;

, 303.15 K;

, 313.15 K; ,323.15 K;

, 333.15 K).
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Figure 3. Isotherms for the isothermal compressibility caséint, kr, of Rapeseed
biodiesel (, 283.15 K; , 293.15 K; , 303.15 K; , 313.15 K; ,323.15 K; ,
333.15 K).

By applying the propagation law of errors at equadi (5) and (7) and taking into
account the uncertainties in the density, tempesapressure and coefficients involved
in equations(5) and (7), we obtained an uncertaiityhe order of + 0.05 GPafor kr
and + 510* K?! for ap.

For the compounds here investigated, fatty acichyghetsters and biodiesels, isobaric
expansion coefficient values decrease with incrgasister chain length and pressure
and, as previously obsenféd® increase with increasing temperature. Expansion
coefficients values are similar between them fer ¢bnsidered fatty acid methyl esters
and biodiesels, and also similar to other valupsnted in literature for fatty acid esters
and biodiesel§™. Colza biodiesel has the highest and the lowgsvalues, at the
lowest pressure and highest temperature and athigjieest pressure and lowest
temperature, of 0.88 and 0.67, respectively. Adargobaric expansion coefficient

means a larger engine power loss due to fuel hgeatin
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Isothermal compressibility coefficient&;, decrease when pressure increases and
when temperature decreases. The selected fattyraatiyl esters and biodiesels present
similar values for the isothermal compressibilibefficients, values raging from 0.67
and 0.88 in the temperature and pressure rangessedrcted. Again, similar values
were also found in literature for the SoybEarand Rapeseéd biodiesels
compressibility coefficients.

The experimental data here reported was also vsedaluate the predictive character
of the Cubic-Plus-Association equation of state AE&dS) in describing high pressure
density data. Fatty acid esters are non—self—astsagicompounds and so only the three
CPA pure compound parameters of the physical tegnc{ and b) are required to
describe these compounds. CPA EoS parameters f@radeesters families were
proposed in a previous wdftkwere it was also showed that thg c; andb parameters
follow trends with the ester carbon number. Cotretes to compute these parameters
were proposed enabling to estimate them for newpoamds when pure compound
data are scarce, as happened at the time for lagndities of the higher carbon number
fatty acid esters. Parameters calculated from tbpgsed correlations are presented, for
all the esters found in the biodiesels studied,ahle 7.
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Table 7. Fatty acid methyl esters CPA pure compoungarameters and modeling

results.
AAD %
Methyl ester @, (J.m®mol®) ¢, & 10*(m’mol?) P r T (K) range
Ci12 6.7139 1.5340 2.3010 0.83 0.60 283.15 - 353.15
C14.0 8.0272 1.6089 2.6361 0.45 0.52 298.15 - 353.15
C16 7.4198 2.2873 2.9749 1.46 0.62 308.15 - 363.15
Cile6:1 9.2554 1.7805 2.9564 2.38 1.21 287.15 - 363.15
C18 10.1303 1.9196 3.3111 0.39 0.68 313.1 - 363.15
Ci8:1 10.5075 1.8212 3.2485 0.81 0.74 283.15 - 353.15
C18:2 8.9943 2.1597 3.1714 1.37 0.66 278.15 - 363.15
C18:3 8.6712 2.1722 3.0949 1.18 1.03 278.15 - 373.15
C20 13.4696 1.6123 3.7121 0.78 0.85 323.15-373.15
C20:1 12.5293 1.7143 3.5792 5.98 1.22 278.15 - 373.15
C22 16.2713 1.4963 4.0503 0.34 0.71 333.15-373.15
C22:1 15.3112 1.5933 3.9168 4.73 1.86 278.15 - 363.15
C24 19.3150 1.4045 4.3953 0.13 0.65 338.15 - 373.15
"global AAD % 1.60 0.87

AAD
*global AAD % = N—’ 100

S

where Ns is the number of systems studied.

Using our recently published density data for sevéatty acid esters that can be
found in biodiesef§™® it was also possible in this work to estimate CPaére
compound parameters for all the fatty acid methstees found in the biodiesels
samples, compounds ranging from 15 to 25 carbomstand with up to three
unsaturated bonds (Table 4), by a simultaneousesegm of pure component data.
Critical temperaturesT{) for these esters were determined from the graugribution
method of Wilson and Jasperddhat was previously assessed to be the best one to
compute this property for methyl estérsand vapor pressures were taken from Chickos
et al.*® Lipkind et al*® and Yuan et al’. Parameters values are presented at Table 7,

along with liquid densities and vapor pressuresat®mns. An excellent description of
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vapor pressures and liquid densities for all they/facid methyl esters is achieved with
the CPA E0S, with global average deviations of%.6nd of 0.9 %, respectively.

Having the CPA pure compound parameters for allpiine fatty acid methyl esters
that compose the selected biodiesels, the CPA EaS applied to predict the
experimental high pressure density data. First) Bet of parameters obtained from the
correlations and from pure compound data regresseye used to predict the pure fatty
acid methyl ester high pressure density data. Higbeiations are obtained when using
pure compound parameters computed from correlatampresented at Table 8, with

deviations below 6 %.

Table 8. CPA EoS modeling results for high pressurdensities.

AAD % AAD %

r (0.1 - 45 MPa)* r (0.1 - 45 MPa)**
methyl laurate 4.47 0.59
methyl myristate 5.86 0.99
methyl oleate 3.24 0.84
biodiesel S 0.79
biodiesel R 2.51
biodiesel P 1.13
biodiesel RP 1.07
biodiesel SR 0.82
biodiesel SP 1.25
biodiesel SRP 0.89
global AAD % 1.09

* With fatty acid methyl esters CPA pure compouiagigmeters from correlations.
** With fatty acid methyl esters CPA pure compoypatameters correlated from pure

component data.

Results improved when using the regressed fattg aoethyl esters CPA pure
compound parameters, being the high pressure exgetal data for methyl laurate,
myristate and oleate predicted with global averaigwiations inferior to 0.8%.
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Experimental and modeling results are depictediguré 4 for methyl laurate. The
experimental data slope and range differs fromoties provided by the CPA EoS due
to the characteristic inability of analytic EoSs nwatch the shape of the density
temperature dependence. It is also worthy to staumdthat higher deviations are
obtained with the CPA EoS in comparison with th&ules obtained with the modified
Tait-Tammann equation as expected, since the Ep®agh is applied in a totally

predictive way and using a considerable inferianbar of parameters.

0.83 | T | |
0 10 20 30 40

P/ MPa
Figure 4. Density isotherms for methyl laurate. Experimerdata ( , 283.15 K;

293.15K; ,303.15K; ,313.15K; ,323.15K; , 333.15 K) and CPA EoS results
using pure compound parameters regressed from gmmpdata (solid line, 283.15 K;
long dash line, 293.15 K; medium dash line, 30X15hort dash line, 313.15 K; dotted
line,323.15 K; dash-dot line, 333.15 K).

The new CPA pure compound parameters for fatty m@thyl esters proposed in this
work were then applied to successfully predict éiperimental high pressure density
data for the methyl biodiesels from Palm, Soybeash Bapeseed oils and from their
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binary and ternary mixtures. The CPA EoS is ablpraaict high pressure density data
for biodiesels with a maximum deviation of 2.5 %esRlts are depicted Fgure 5 for

Soybean biodiesel.

0.92

0.91 - .

0.85 T | | |
0 10 20 30 40

P/ MPa
Figure 5. Density isotherms for Soybean biodiesel. Experimletita ( , 283.15 K;
293.15K; ,303.15K; ,313.15K; ,323.15K; , 333.15 K) and CPA Eo0S results
(solid line, 283.15 K; long dash line, 293.15 K;dnan dash line, 303.15 K; short dash
line, 313.15 K; dotted line,323.15 K; dash-dot ]iB83.15 K).

5. Conclusions

Europe aims to replace 20% of fossil fuels for raliéive renewable fuels such as
biofuels until 2026 For the introduction of common rail engines irwneehicles, the
description of biodiesel high pressure densitiesf igrimary importance to the fuel and

automotive industries. New experimental high pressdensity measurements were
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performed for three fatty acid methyl esters andsiven biodiesels, overcoming the
lack of available experimental data.

The experimental data was correlated with the nmemliTait-Tammann equation and
predicted by the CPA EoS. New CPA Eo0S parameters w@mputed in this work for
the 13 different fatty acid esters that constitiie biodiesel samples selected for this
work, from Gs to G5 and with up to three unsaturated bonds.

The CPA EoS can predict the high pressure density df pure fatty acid methyl
esters and biodiesels with a maximum deviation.6f% showing to be an adequate

model to predict properties of relevance for biediduels.

Supporting Information Available

Values for the isothermal compressibility coeffidig kr, and isobaric expansion
coefficients, ap, in the selected temperature and pressure rarigesall the pure
compounds and mixtures studied, and CPA pure conmtpquarameters for esters
obtained from ester carbon number correlationss Tifiormation is available free of
charge via the Internet at http://pubs.acs.org/.

Nomenclature

Abbreviations
Np
|(exp - calg)/exp)|

AAD = average absolute deviatiohAD=-= Y i

p

CPA = Cubic—Plus—Association
EoS = equation of state

FAME = fatty acid methyl ester
LLE = liquid-liquid equilibria

S = Soybean
R = Rapeseed
P = Palm

SR = Soybean + Rapeseed

RP = Rapeseed + Palm

SP = Soybean + Palm

SRP = Soybean + Rapeseed + Palm
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VLE = vapor-liquid equilibria

List of Symbols

a = energy parameter in the physical term of the E&®8& (J.mM.mol™
ap = parameter for calculating (J.nt.mol™)

a;= equation 2 coefficients (kg

ay, as=equation 2 coefficients (kgHK ™ kg.m®K?)

A = site A in molecule

b = co—volume parameter in the physical term ofGRe\ EoS (m.mol™)
b1, C =Equation 3 coefficientdf in MPa)

bz2=Equation 3 coefficients (MPak

bs =Equation 3 coefficients (MPak

g = radial distribution function

ki = binary interaction parameter

Kt = isothermal compressibility coefficient (GBa

P = vapor pressure (Pa)

R = gas constant (J.moK™)

T = temperature (K)

Vim = molar volume (mkg?)

X = mole fraction

Xai = fraction of molecule not bonded at sita

w = mass fraction

Z = compressibility factor

Greek Symbols

aP = isobaric expansion coefficient {K

b = association volume in the association part ofGR&\ EoS

D'® = association strength between site A in moletualed site B in moleculgin the
association part of the CPA EoS*(mol™)

e= association energy in the association part®GRA EoS (J.mof)

h =reduced fluid density

r = density (kg.rt)
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Subscripts

c = critical

calcd = calculated

exptl= experimental

I, ] = pure component indexes

r = reduced

Superscripts
assoc .= association

phys.= physical

130



Literature Cited

(1) Malca, J.; Freire, Renew. Sust. Energ. R&@11, 15, 338-351.

(2) Demirbas, AApplied. Energy009 86, S108-S117.

(3) Ma, F. R.; Hanna, M. Aioresour. Technoll999 70, 1-15.

(4) Van Gerpen, Fuel Process. Technd005 86, 1097-1107.

(5) Demirbas, AEnerg. Policy2007, 35, 4661-4670.

(6) Lee, S. W.; Tanaka, D.; Kusaka, J.; Daisha]Jsée. Rev2002 23, 407-414.

(7) Dzida, M.; Prusakiewiez, Fuel2008 87, 1941-1948.

(8) Boudy, F.; Seers, Energ. Convers. Manag2009 50, 2905-2912.

(9) Bora, D. K.J Sci Ind. Res. India009 68, 960-963.

(10) Boehman, A. L.; Morris, D.; Szybist, J.; EsEnEnerg. FueR004 18, 1877-1882.
(11) European Standard EN 14214, 2010. Automotive fudtatty acid methyl esters
(FAME) for diesel engine — Requirements and testhods. CEN — European
Committee for Standardization, Brussels, Belgiuwailable from:http://www.din.de,
(12) Aparicio, C.; Guignon, B.; Rodriguez-Anton, M.; Sanz, P. DJ. Therm. Anal.
Calorim.2007, 89, 13-19.

(13) Aparicio, C.; Guignon, B.; Rodriguez-Anton, M.; Sanz, P. DJ. Agric. Food
Chem.2007, 55, 7394-7398.

(14) Pratas, M. J.; Freitas, S.; Oliveira, M. Bomeiro, S. C.; Lima, A. S.; Coutinho, J.
A. P.J. Chem. Eng. Data01Q 55, 3983-3990.

(15) Pratas, M. J.; Freitas, S.; Oliveira, M. B.pieiro, S. |. C.; Lima, A. |. S;
Coutinho, J. A. PInd. Eng. Chem. Re2011 56, 2175-2180.

(16) Pratas, M. J.; Freitas, S. V. D.; Oliveira, B1; Monteiro, S. |. C.; Lima, A. |. S.;
Coutinho, J. A. PEnerg. FueR011, in press.

(17) Dymond, J. H.; Malhotra, Rat. J.Thermophy4988 9, 941-951.

(18) Oliveira, M. B.; Ribeiro, V.; Queimada, A. Lputinho, J. A. PInd. Eng. Chem.
Res.2011, 50, 2348-2358.

(19) Oliveira, M. B.; Queimada, A. J.; CoutinhoAJ.P.Ind. Eng. Chem. Re201Q 49,
1419-1427.

(20) Oliveira, M. B.; Varanda, F. R.; MarruchoM.; Queimada, A. J.; Coutinho, J. A.
P.Ind. Eng. Chem. Re2008 47, 4278-4285.

(21) Pineiro, M. M.; Bessieres, D.; Gacio, J. Mair8Guirons, H.; Legido, J. IEluid
Phase Equilib2004 220, 127-136.

(22) Pineiro, M. M.; Bessieres, D.; Legido, J. §3int-Guirons, Hint. J. Thermophys.
2003 24, 1265-1276.

(23) Kontogeorgis, G. M.; Michelsen, M. L.; Fol&s, K.; Derawi, S.; von Solms, N.;
Stenby, E. HInd. Eng. Chem. Re2006 45, 4855-4868.

(24) Kontogeorgis, G. M.; Michelsen, M. L.; Fol&s, K.; Derawi, S.; von Solms, N.;
Stenby, E. HInd. Eng. Chem. Re2006 45, 4869-4878.

(25) Oliveira, M. B.; Coutinho, J. A. P.; Queimadms, J. Fluid Phase Equilib2007,
258, 58-66.

(26) Michelsen, M. L.; Hendriks, E. MFluid Phase Equilib2001, 180 165-174.

(27) Wu, J. Z.; Prausnitz, J. Mhd. Eng. Chem. Re$998 37, 1634-1643.

(28) Muller, E. A.; Gubbins, K. Hnd. Eng. Chem. Re2001, 40, 2193-2211.

(29) Oliveira, M. B.; Miguel, S. I.; Queimada, A; Loutinho, J. A. Pind. Eng. Chem.
Res.201Q 49, 3452-3458.

131



(30) Oliveira, M. B.; Queimada, A. J.; CoutinhoAl.P.J. Supercrit. Fluid201Q 52,
241-248.

(31) Follegatti-Romero, L. A.; Lanza, M.; Batisi&, R. M.; Batista, E. A. C.; Oliveira,
M. B.; Coutinho, J. 0. A. P.; Meirelles, A. J. lkkd. Eng. Chem. Re201Q 49, 12613-
126109.

(32) Rodrigues, J.; Cardoso, F.; Lachter, E.; Egie\v.; Lima, E.; Nascimento, R.
Am .Oil Chem. So2006 83, 353-357.

(33) Poling, B.; Prausnitz, J.; O'ConnelMk-Graw Hill, 2001,

(34) Lopes, J. C. A.; Boros, L.; Krahenbuhl, M. Megirelles, A. J. A.; Daridon, J. L.;
Pauly, J.; Marrucho, I. M.; Coutinho, J. A.Eherg. FueR008 22, 747-752.

(35) Chickos, J. S.; Zhao, H.; Nichols, Ghermochim. Act2004 424, 111-121.

(36) Lipkind, D.; Kapustin, Y.; Umnahanant, P.; €tos, J. SThermochim. Act2007,
456, 94-101.

(37) Yuan, W.; Hansen, A. C.; Zhang, Ruel 2005 84, 943-950.

132



(QHUJ\

2,

YXHOV

Hl

133







Evaluation of predictive models for the

viscosity of biodiesel

Samuel V.D. Freitas, Maria Jorge Pratas, Robertai@e , Alvaro S. Lim& Jo&o

A.P. Coutinho

CICECO, Chemistry Department, University of Avei@ampus de Santiago, 3810-193

Aveiro, Portugal;

Department of Chemical Processes, University ehfaas, 13083-852, Campinas,
S&o Paulo, Brasil.
% Programa de P6s-Graduacéo em Engenharia de Rysceissversidade Tiradentes,

Av. Murilo Dantas 300, Farolandia, Aracaju-SE, HBras

135



Abstract

Viscosity is an important biodiesel parameter, sabjo specifications, and with
an impact on the fuel quality. A model that coul@dct the value of viscosity of a
biodiesel based on the knowledge of its compositionld be useful in the optimization
of biodiesel production processes, and the planoinglending of raw materials and
refined products. This work aims at evaluating fredictive capability of several
models previously proposed in the literature fog thescription of the viscosities of
biodiesels and their blend with other fuels. Thedels here evaluated are the Ceriani’s,
Krisnangkura’s and Yuan’s models, along with a sediversion of the Yuan’'s model
here proposed. The results for several biodiesglesys show that the revised Yuan
model proposed provides the best description oeiperimental data with an average
deviation of 4.65 %, compared to 5.34 % for YuaB8'$7 % for Ceriani’'s and 7.25 %
of Krisnangkura’s models. The same conclusions vedétained when applying these

models to predict the viscosity of blends of biediewith petrodiesel.

Keywords:Biodiesel, Viscosity, Modeling.
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1. Introduction

Biodiesel refers to a fuel derived from renewalwarses that consists of a mixture
of methyl or ethyl esters of long-chain fatty acidshich is obtained by
transesterification of vegetable oils or other #&tedks largely comprised of
triacylglycerols with a simple alcohol, such as hagiol or ethanol in the presence of a
catalyst It is nonflammable and nonexplosive, with a flastint of 423 K compared
to 337 K for petrodies&l As a fuel it offers many benefits such as readsilability,
portability, renewability, domestic origin, lowerulfur and aromatic content,
biodegradability, better ignition quality, inherehdbricity, higher cetane number,
positive energy balance, higher density, greatéetysanontoxic character of their
exhaust emissions and cleaner burfifng

It has expanded into the existing markets and sirfuatures of gasoline and diesel
and has undergone rapid development and accepssnaa alternative diesel fuel. Its
worldwide production exceeded 2500 million tons2@0&. It can be blended with
diesel fuel to be used in conventional engireesd is able to reduce the carbon dioxide
emissions by 78 48. Although most commercially available biodiesesitil between 5
and 20 % biodiesel blended with petroleum diesel uthe higher prices of feedstocks
for biodiesel production the tendency of increagangduction is expected to continue
in the coming decades with the development angtbwth of non-food feedstocks

One of the major problems associated with biodiesehat its viscosity may be
higher than that for diesel fuel. A fuel of highseosity tends to form larger droplets on
injection, leading to poorer atomization during tepray and creating operation
problems, such as increased carbon dep@sisd may enhance the polymerization
reaction especially for oils of high degree of uosation It also leads to poor
combustion and increased exhaust smoke and enmssdiegond the problems in cold
weather due to the increase of viscosity with desiregg temperature. On the other hand,
a fuel with low viscosity may not provide suffictelubrication for the precision fit of
fuel injection pumps, resulting in leakage or imsed wedf. Thus the kinematic
viscosity of biodiesel at 40 °C, must be in thegenf 3.5-5.0 mris according to EN-

14214 specifications in Europe and of 1.9-6.0 ¥snin accordance with American
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Society of Testing and Materials (ASTM) D-6751 sfieations in the USA® while the
limit for diesel fuel is 2.0-4.5 mfts™.

There is still a lack of viscosity data of biodieskends and biodiesel-diesel over the
whole composition range at different operationalndibons of pressure and
temperature. In this regard, the use of theoreipploaches to estimate the viscosity of
biodiesel systems is of great practical interest.

A number of works has presented predictive modets empirical equations with
adjustable parameters for the viscosity of fattyd agsters, of which biodiesel is
comprised. By knowing the viscosity of fatty acsters, it is possible to determine the
viscosity of biodiesel using the mixture models gegjed by Grunberg-Nissan or
Hind%. Moreover there is a possibility to realize biadie maximum potential by
simply changing the composition of fatty acid ester

This paper aims at comparing the predictive capasilof three models developed

respectively by Ceriargt al®, Krisnangkuraet al’* and Yuaret al’ for the estimation
of the viscosity of several biodiesel and theimble with diesel fuels. A revised version

of the Yuan model is also proposed and evaluated.

2 Experimental Section

2.1 Samples

In this work the viscosities of seven biodiesel plas were measured. Two of
these samples were obtained from Portuguese bedwesducers, namely Soy A and
GP (mix of soy and rapeseed methyl esters at 50/86.vB1 is methyl oleate of
technical grade, 70 %, supplied by Sigma.

The other four biodiesel samples: Sunflower, SoyPBIm and Rapeseed were
synthesized in our laboratory by a transesterificateaction of the respective vegetal
oils. The molar ratio of oil/methanol used was wBh 0.5 % sodium hydroxide by
weight of oil as catalyst. The reaction was perfednat 55 °C during 24 h under
methanol reflux. The reaction time chosen was adbdbr convenience and to
guarantee a complete reaction conversikanw glycerol was removed in two steps, the
first after 3 h reaction and then after 24 h reacin a separating funnel. Biodiesel was

purified by washing with hot distillated water urdi neutral pH was achieved. Then
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biodiesel was dried until the EN 1SO 12937 limit feater was reached (less than 500
mg/kg of water). Some properties of produced biseliare presented in Table 1.

Table 1.Properties of biodiesel synthesized on this work.

Sunflower Soy B Palm Rapeseed

@ 15°C 887.2 887.3 8779 886
@ 40 °C 3.636 3.548 3.961 3.942

Density / kg/m
Viscosity / mPa.s

0,
Ester content % 98.5 99.4 96.5 98.8

2.2 Experimental Measurements

Measurements of viscosity were performed in thepemature range of (278.15
to 363.15) K at atmospheric pressure using an aatetnSVM 3000 Anton Paar
rotational Stabinger Viscometer. The temperatureertainty is 0.02 K from (288.15 to
378.15) K. The relative uncertainty of the dynawigcosity obtained is less than 0.5 %
for the standard fluid SHL120 (SH Calibration SeeviGMbH), in the range of the
studied temperatures. This viscometer was prewotesited for other compounds and

presented a very good reproducibilfty’

3. Viscosity models

The models here described are valid for the esiomatiscosity of mixtures of
fatty acid alkyl esters. The viscosities of bioéieare calculated by using the equation
of Grunberg-Nissan which is known to be the mogable equation for computing the
viscosity of liquid mixture¥". Given that biodiesel fuels are non-associatedidi
i.e., they have essentially dispersive interacti@tween the individual components,
their dynamic viscosity can be estimated usingalewing equation:

s 1 %& 1)
where/; is the dynamic viscosity of individual compourf, the dynamic viscosity of
the mixture and; the mole fraction.

The ester nomenclature adopted on this work iscbasethe fatty acid chain length.

A C,.y ester means the methyl ester of fatty acid witiavbons and y unsaturation.
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3.1- Ceriani’'s Model

Ceriani et al® proposed a model to predict the viscosity of fattyd esters
based on a group contribution method, i.e., a camg®r a mixture of compounds is
considered as a solution of groups and its pragedre the sum of the contributions of

each grouff. The model for the pure compounds is describdghjmations (2) — (4):

%8, () *+ - ) -34 %&, 53 567 .« .|/
3—234 %&, 53 5 68 9 2)
with

9 i . oa-= L ot (3)
and

_ @ .

= ? >3B'53C 5, 4)

whereNg is the number of groupsin the molecula; M is the component molecular
weight that multiplies the “perturbation tern&y, Bik, Cik, Dik, Aok, Bok, Cox, @andDoy
are parameters obtained from the regression oéxperimental datek represents the
groups of componemt Q is a correction ternfy, f;, $ ands; are optimized constants;

, and are optimized parameters obtained by regressiatatabank as wholdy is
the total number of carbon atoms in the molecukd Mg is the number of carbons of

the alcohol side chain. The parameter values cdaurel at Cerianét al*®.

3.2- Krisnangkura’s Model

Krisnangkuraet al*? fitted Equation 5 to an experimental viscosityadaank and
provided a set of parameters for the descriptiotheiviscosity of pure fatty acid methyl
esters (FAMESY.

‘D ? EF

(®)

This equation was developed by considering theosgisg as the integral of the
interaction forces of moleculeBased on this approach the temperature dependéncy o

the viscosity for short chain methyl esterg-(€3,) can be estimated by Equation 6:

NO * P* QG

'D- 3I*JKL 3 *KLMF T T (6)
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while for longer chain esters {£5-Cis:0) the viscosity obeys the Equation 7:

N; * ;O*SSG

'D- 3I*KRR 3 * IF - - 7)
The viscosity of unsaturated FAMEs is estimatedEQuations (8) - (11).

'Dpr 3LrU 22 @)

'Dpr VALK 2 (9)

‘Dpr VKM 22 (10)

‘D 3LVI — (11)

In all these equationg is kinematic viscosity expressed in AisnandT is absolute

temperature in K.

Since Krisnangkura’s model does not provide equatifor several unsaturated
FAMEs such as (.1, Coo Coi and Gy, to predict the viscosity of biodiesel
containing these compounds, it was necessary tortréde a pseudo-component
approach where the biodiesel composition was mewlifiy adding &.1 to Gis.0, Co0:0
and Go:1to Gig:zand Go.oto G

Beyond that, given that Krisnangkura’s model presgicdnly kinematic viscosities,
their conversion into dynamic viscosities was dbgeconsidering the density data for

pure FAMESs reported by Pratasal'®

3.3-  Yuan’s Model

Yuanet al!’ applied the Vogel-Tammann-Fulcher (VTF) equatiordescribe the

viscosity-temperature relationship of pure FAME coomly present in biodiesel fuels

O * oY (12)

and then estimate the viscosity of biodiesel fumsed on their FAME composition

through the mixture model. In Equation (1&) B and T, are parameters with values
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were determined by fitting experimental viscosigtal available and are reported by

Yuanet al!’

3.4- Revised Yuan’'s Model

In previous works Pratast al*®?° reported new and more accurate data for the
viscosities of fatty acid methyl and ethyl estdise revised Yuan’s model consists of a
version of the Yuan’s model where the parameterhefVTF model were refitted to
the new data. The new parameters for FAME are pteden Table 2.

Table 2. VTF parameters for the revised Yuan’'s mode

FAME A B T0
Cc8 -3.476 859.303 68.948
C10 -3.316 814.674 93.317
C12 -3.089 767.388 112.267
Ci4 -3.124 837.282 112.358
C16 -2.808 746.528 132.676
Ci16:1 -2.867 748.275 118.441
C18 -2.985 876.221 122.303
Ci18:1 -2.700 748.184 129.249
C18:2 -2.618 733.236 119.641
C18:3 -2.997 904.378 91.882
C20 -3.074 967.596 115.000
C20:1 -2.545 733.804 137.194
C22 -2.528 768.640 145.057
Cc22:1 -2.409 715.397 143.268
C24 -2.870 951.526 127.000

3.5- Database of biodiesel viscosities

Although values for the biodiesel viscosity are coom in the open literature,
information concerning the biodiesel compositioratths more detailed than the
information about the oil used for the biodieseitbgsis is scarce. To apply the models
here studied detailed information about the bicglieomposition is required. The

database used in this work was collected from iteeature and supplemented with a
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data for seven new biodiesel measured in our latwyraThe compositions in terms of

FAMEs of all biodiesel used in this work are repdrtn Table 3. The biodiesels used in
this study cover the most important oils used odlasel production such as soy, palm,
canola, rapeseed and sunflower, but also othersaith as cotton seed, coconut and
babassu, relevant due to their singular compostibmterms of fatty acid methyl ester

distributions it addresses both oils rich in shadrdin and saturated fatty acids such as
coconut, in saturated fractions such as palm, ehdm unsaturated compounds such as

soy and sunflower.
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Table 3.Composition of the biodiesel studied, in mass fraicin.

Fatty acids methyl esters (FAME), 100.w

References Biodiesel C8 Cl10 Cl2 Cl4 C16 C16:.C18 C18:1 C18:2 C18:3 C20:0 C20:1 C22:0 C22:1 C24:0
Yuanetal.'” Soy 0.02 0.08 10.61 427 242 5136 748 036 028 04 0.07 0.14
Palm 40.60 5.10 42.80 11.00 0.50
Canola 4.20 1.20 56.80 21.70 15.70
Coconut 9.20 6.40 48.70 17.00 7.70 220 540 2.20
YGME? 1.70  19.47 14.38 54.67 7.96 069 025 052 021
Yuanetal.? SMEAP 0.08 10.490.12 427 242 5136 7.48 036 028 040 007 0.14
SMEB 10.81 0.11 454 2496 50.66 7.27 0.37 0.32 0.42 0.12
GMSME® 397 013 299 8254 498 37 030 050 0.36 0.12
YGME* 1.27 13.44 2.03 12385467 7.96 069 025 052 021
Z'_"%l?g'noet Soy 9.27 377 2283 57.46 6.67
Krisnangkura Palnf 0.40 1.06 40.05 5.83 42.21 10.46
etal.'® Coconut 4.80 6.20 52.70 17.50 7.40 240 7.60 1.40
Thiswork  Soy A 16.18 3.82 28.80 50.46
Soy B 0.07 10.780.07 3.95 23.02 5366 7.03 038 023 0.80
B1° 1.80 4.70 470 1.90 71.13 9.89 5.89
Sunflower 0.02 0.07 6.41 0.09 4.23 2393 64.2520. 0.03 0.77 0.08
Rapeseed 0.010.04 0.07 526 0.20 1.63 62.49 2094 699 060 1.2B35 0.19
Palm 0.03 0.25 0.57 42520.13 4.03 4199 981 009 036 0.15 0.09
GP 0.02 0.13 10.570.13 2.66 41.05 36.67 7.10 0.44 067 045 0.12
Knothe et al. (B;Igfg‘ggg)m 10.79 421 2441 5338 721
Zﬁz'ﬁosa et Coconut 4.08 3.65 35.35 19.84 13.83 394 1430 4.73
Nogueira et Babassu 5.1028.11 25.56 15.41 5.04 20.79
al. Cotton Seed 0.62 24.09 256 15.74 56.99

2 YGME=yellow grease methyl est&SMEA and SMEB = soybean oil methyl esté6MSME = genetically modified soy oil methyl estérMol fraction

(100.X),°® B1 = biodiesel composed by 71% of methyl oleZ®® — blending of soy and rapeseéd® =biodiesel.
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The database of blends analyzed in this work wHsated from Knotheet al! and

Yuanet al?!

. The first author measured the low-temperaturerkiatic viscosity data of
binary blends between methyl oleate, methyl lini@eand commercial biodiesel and
petrodiesel in different mixing ratios while thestaauthor reported the kinematic
viscosity of blending of yellow grease methyl estéf GME) and of soy methyl esters
(SMEA and SMEB) and a genetically modified soy myetsters (MGSME) with no. 2
Diesel. The kinematic viscosity of the commerciatrpdiesel and the no.2 Diesel are

listed in Table 4.

Table 4. Experimental viscosity, in mnf/s, for petrodiesel and No 2 Diesel used in

this work.
T, K Petrodiesel No. 2 Diesel"
273.15 8.58
278.15 7.23
283.15 6.21
288.15 5.31
293.15 4.55 3.94
298.15 4.08
303.15 3.64
308.15 3.25
313.15 2.90 2.56
333.15 1.82
353.15 1.35
373.15 1.09
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4. Results and Discussion

The viscosities of the seven biodiesel samples anedsn this work as function of
temperature are reported in Table 5. The magnitfdéhe viscosities is in good
agreement with other data previously reported @ literature for biodiesel produced

from the same oil&>17:21:22

Table 5. Experimental viscosity, in mPa.s, for biodiesel meared in our

laboratory.
Biodiesel

T.K SoyA SoyB Bl Sunflower Rapeseed Palm GP

278.15 8.812 10.33 9.315

283.15 8.016 7.555 9.359 7.940 8.763 7.958
288.15 6.916 6.535 7.998 6.844 7.518 7.814 6.856
293.15 6.021 5.711 6.894 5.965 6.517 6.748 5.971
298.15 5.286 5.033  6.000 5.243 5.701 5.883 5.244
303.15 4.679 4.478 5271 4.658 5.034 5.152 4.655
308.15 4.170 3.995 4.663 4.143 4.467 4.550 4.137
313.15 3.740 3.548 4.154 3.636 3.942 3.961 3.630
318.15 3.372 3.249 3.722 3.356 3.594 3.632 3.349
323.15 3.057 2922 3.354 2.988 3.217 3.214 2.981
328.15 2.784 2.697 3.037 2.776 2.955 2.968 2.769
333.15 2546 2473 2767 2.542 2.699 2.702 2.534
338.15 2.338 2.276 2.529 2.337 2.475 2.471 2.329
343.15 2.154 2102 2321 2.156 2.278 2.269 2.148
348.15 1.992 1.948 2.138 1.996 2.104 2.091 1.988
353.15 1.848 1.794 1.976 1.831 1.933 1.911 1.823
358.15 1.686 1.726 1.811 1.794 1.718
363.15 1.575 1.612 1.688 1.669 1.604

To study the predictive ability of the various mizdetudied in this work the relative
deviations of the predicted viscosities for eaddi®sel were estimated according to

Y'Z- K * M (13)

[ab
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whereh is the dynamic viscosity imPa.s The average valu@&ARD) was calculated as
a somatory of the modulus of RD ovBr experimental data points. The overall

deviation was calculated by

cY'z- 2 (14)

whereNs is the number of systems studied.

The average relative deviations for each biodiesel biodiesel blend studied are
reported in Table 6 while the relative deviatiomshe individual data points for the 23

biodiesel samples are shown in Figures 1 A-D.
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Figure 1 A-D. Relative deviation between experimental and ptedi dynamic
viscosity using (A) Ceriani’'s Model, (B) Yuan's Mell (C) revised Yuan’'s Model and
(D) Krisnangkura’s Model for 22 types of pure bieskel Yuan Soy; Yuan Palm;
Yuan Canola; Yuan Coconut; Yuan YGME; This wody3\; This work B1;

This work Sunflower; This work Soy C; This woRalm; This work
Rapeseed; This work GP; Krisnangkura Palm; kangikura Coconut;
Blangino Soy; Feitosa Coconut; Nogueira Babassl amNogueira Cotton seed,
Yuan SMEA, Yuan SMEB, Yuan GMSME and Yuan YGME*.
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Table 6: Average relative deviations for viscosityf several biodiesel systems.

References

Yuanet al’

Yuanet al?

Blanginoet al*

Krisnangkuraet al*

This work

Knotheet al?
Feitosaet al?*
Nogueiraet al®

Biodiesel

Soy

Palm
Canola
Coconut
YGME
SMEA
SMEB
GMSME
YGME*
Soy

Palm
Coconut
Soy A

Soy B

B1
Sunflower
Palm
Rapeseed
GP
Blending FAME (14 systems)
Coconut
Babassu
Cotton seed
Cotton seed+Babassu

Overall average relative deviation (OARD), %

Average relative deviation,

Cerian
11.55
8.05
12.48
10.93
8.45
11.22
14.59
9.76
8.72
9.01
1.93
7.72
8.12
8.17
5.41
9.64
4,77
8.93
6.39
6.03
3.34
1.74
9.06
7.69
8.07

Yuar
2.38
6.22
4.69
9.10
7.92
8.66
9.12
531
8.56

3.25
2.38
8.24

5.25

2.99
7.75
5.48
6.21
7.81

3.58

2.44
0.56
1.44
5.35
3.48
5.34

Revised Yua
1.71
5.85
3.66
7.14
6.77
7.91
11.18
4.35
6.93
2.39
1.39
6.21
4.57
2.48
6.55
5.64
5.59
6.34
2.77
2.84
1.91
0.40
4.42
2.49

4.65

Krisnangkur:
4.28
6.55
7.22
13.61
7.44
7.82
8.12
7.67
7.72
5.73
2.49
5.88
7.00
3.12
10.84
7.60
2.61
9.07
3.61
8.64
15.49
11.94
3.53
6.06

7.25
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The results suggest that all the models tend toewmpmedict the experimental
viscosities. As one can see in Figures la and Hal,ptedictions of Ceriani's and
Krisnangkura’s model are systematically larger tHa Yuan type models (Figures 1b
and 1c) and temperature dependent. Note, howehisrdépendency is opposite in the
two cases: while Ceriani’'s deviations tend to iasee with temperature, the reverse
effect is observed for Krisnangkura’s model, itee deviations are lower at the higher
temperatures, where the viscosities have loweregalin both cases, the deviations at
the temperature extremes tend to be very large tu@25 %). The temperature
dependency of Ceriani’'s model seems to be relatéld thve poor description of the
viscosity of unsaturated fatty acid esters as @sed in previous work§?® A
reestimation of the parameters for these composghdsld allow a better description of
the experimental viscosities. The temperature didgreey of the fatty acid esters is
better described in large temperature ranges byogeMTammann-Fulcher (VTF)
equation, as suggested by Yuams all’ than by the Arrhenius type adopted by
Krisnangkura. The poor temperature dependencyisfrtiodel is due to the equation
used to describe temperature dependency of thesiigof the pure components of the

mixture.

Figures 1b and 1c reveals that the relative denatobtained with the two versions
of the Yuan model are temperature independent lamantaximum deviation observed
are in general lower than 10 %. They are thus mobeist and reliable, producing
suitable average deviations in comparison with rothedels available in the literature.
In numbers, both Ceriani’'s and Krisnangkura’'s medahve global average relative
deviations around 8 %, Yuan’'s original model of 8@and the revised version of
Yuan’s model here proposed of just 4.7 % that nhestclose to the experimental

uncertainty of many of the experimental data.
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Figure 2a Deviation between experimental and predicted dyoaviscosity using (A)
Ceriani’'s Model, (B) Yuan’s Model, (C) revised YusuModel and (D) Krisnangkura’s
Model for biodiesel blends with diesel fuel = SMEB,2 SMEA 50, SMEA 75,
SMEB 25, SMEB 50, SMEB 75, GMSME 25, GMSME 50GMSME 75,
YGME 25, YGME 50, YGME 75, B10-B90 Max, B10-8Min,
MO10-MO90 Max, MO10-MO90 Min,  ML10-ML90 Max, MLAML90 Min,
(for panel Aonly, B10-B90 Med, MO10-M0O90 Med andML10-ML90 Med).

The prediction of the viscosities of mixtures obdiesel with petroleum diesel was
also studied here by using Equation (1) where tbdidésel viscosity is estimated using
the models here studied and the petroleum diesebsity used was the experimental
value (panel A-D of Figure 2). The relative devoas were estimated using Equations
(13) and (14) and are reported in Table 7. It veas@l that the deviations observed for
the individual mixtures and the global deviatione & good agreement with those
observed for the pure biodiesel, showing that thmedictive capabilities of the
approach here used is not affected by the presehtgdrocarbons in the mixture.
Ceriani’'s model shows an overall deviation of 6%/ Yuan's and Krisnangkura’s
models presented 5.59 % and 7.10 % respectivelye wie revised Yuan’'s model had
the lowest global deviation of just 5.21 %, sugmgesthat the Yuan type models are

also suitable to predict the viscosity data of medl blends with petrodiesel.
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Table 7. Average relative deviations for viscositpf several biodiesel blends with diesel fuel.

References Biodiesel+Diesel Average relative deviation, %
Ceriani Yuan Revised Yuan  Krisnangkura
Knotheetal!  B+Petroleum (B10-B90) 1.75 1.97 1.79 2.19
MO+petroleum (MO10-MO90) 1.88 3.23 2.46 9.07
ML+petroleum (ML10-ML90) 7.05 3.80 3.75 7.78
Yuanet al* SMEA (25, 50, 75 %) 10.20 9.56 9.90 11.45
SMEB (25, 50, 75 %) 7.18 5.46 5.29 4.02
GMSME (25, 50, 75 %) 9.40 6.47 5.49 8.26
YGME (25, 50, 75 %) 7.84 8.67 7.75 6.91
Overall average relative deviation (OARD), % 6.47 5.59 5.21 7.10

MO -Methyl Oleate; ML — Methyl Linoleate
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5. Conclusions

Viscosity data for seven well characterized biogliessmples in terms of its FAME
composition was measured and reported. Along witthatabase compiled from the
literature, they were used to evaluate four modéle to predict biodiesel viscosities
based on information of their FAME compositionsisitshown that although all the
models studied are able to predict the viscosafesoth pure biodiesels and blends of
biodiesel with petrodiesel with less than 10 % dgon in general, the models of
Krisnangkuraet al*® and Cerianiet al’® present deviations that are temperature
dependent and that at the extremes of the tempenatnge studied can have deviations
as high as 25 %. The deviations presented by tren Yype models are more robust
over temperature and also lower than those obtam#dthe two previous models. In
particular the revised version of the Yuan’s molete proposed based on new and
more accurate data for the fatty acid methyl estemsduces predictions with
uncertainties that are close to the experimentakdainties of the experimental data
and can thus be an interesting tool to the desighiajuels or biofuel blends with

viscosities that comply with legal specifications.

154



References

[1] Knothe, G.; Steidley, K. R., Kinematic viscosif biodiesel components (fatty
acid alkyl esters) and related compounds at lowptatures-uel 2007,86, 2560.

[2] Robert, O. D., Antioxidants for improving stgea stability of biodiesdBiofuels,
Bioproducts and Biorefining008,2, 304.

[3] Kralova, I.; Sjoéblom, J., Biofuels—Renewable efgy Sources: A Review
Journal of Dispersion Science and Technol@g¢0,31, 409.

[4] Knothe, G., Biodiesel Derived from a Model @hriched in Palmitoleic Acid,
Macadamia Nut OiEnergy & Fuels2010,24, 2098.

[5] Anand, K.; Ranjan, A.; Mehta, P. S., Estimatihg Viscosity of Vegetable OIl
and Biodiesel FuelEnergy & Fuel2009,24, 664.

[6] Demirbas, A., New Biorenewable Fuels from Vepé¢ OilsEnergy Sources,
Part A: Recovery, Utilization, and Environmentafdets2010,32, 628.

[7] Kerschbaum, S.; Rinke, G., Measurement of tleengerature dependent
viscosity of biodiesel fueluel 2004,83, 287.

[8] Paton, J. M.; Schaschke, C. J., Viscosity mesment of biodiesel at high
pressure with a falling sinker viscometéhemical Engineering Research and Design
2009,87, 1520.

[9] Benjumea, P.; Agudelo, J.; Agudelo, A., Basioperties of palm oil biodiesel-
diesel blendsuel 2008,87, 2069.

[10] Gerpen, J. V., Biodiesel processing and prtidad-uel Processing Technology
2005,86, 1097.

[11] Wagner, E.; Koehle, M.; Moyle, T.; Lambert,, FRredicting Temperature
Dependent Viscosity for Unaltered Waste SoybeanBlihded with Petroleum Fuels
Journal of the American Oil Chemists' Soci2®i 0,87, 453.

[12] Shu, Q.; Yang, B.; Yang, J.; Qing, S., Pradgtthe viscosity of biodiesel fuels
based on the mixture topological index metkoel 2007,86, 1849.

[13] Krisnangkura, K.; Yimsuwan, T.; Pairintra, RAn empirical approach in
predicting biodiesel viscosity at various temperastuel 2006,85, 107.

[14] Refaat, A. A., Correlation between the cherm&taucture of biodiesel and its
physical propertiednternational Journal of Environmental Science andchnology
2009,6, 677.

[15] Alptekin, E.; Canakci, M., Determination ofettdensity and the viscosities of
biodiesel-diesel fuel blend®enewable Energg008,33, 2623.

[16] Ceriani, R.; Goncalves, C. B.; Rabelo, J.;uSar M.; Cunha, A. C. C.; Cavaleri,
F. W.; Batista, E. A. C.; Meirelles, A. J. A., Gp€ontribution Model for Predicting
Viscosity of Fatty Compound®urnal of Chemical & Engineering Da007,52, 965.
[17] Yuan, W.; Hansen, A. C.; Zhang, Q., Predictithgg temperature dependent
viscosity of biodiesel fueluel 2009,88, 1120.

[18] Pratas, M. J.; Freitas, S.; Oliveira, M. B.,oMeiro, S. I. C.; Lima, A. S,
Coutinho, J. A. P., Densities and Viscosities oftfr#cid Methyl and Ethyl Esters
Journal of Chemical & Engineering Da010,55, 3983.

[19] Carvalho, P. J.; Regueira, T.; Santos, L. MBNF.; Fernandez, J.; Coutinho, J.
A. P., Effect of Water on the Viscosities and Déasiof 1-Butyl-3-methylimidazolium

155



Dicyanamide and 1-Butyl-3-methylimidazolium Tricyanethane at Atmospheric
Pressurdournal of Chemical & Engineering Da009,55, 645.

[20] Pratas, M. J.; Freitas, S.; Oliveira, M. B.,oMeiro, S. I. C.; Lima, A. S,;
Coutinho, J. A. P., Densities and Viscosities afty-Acid Methyl and Ethyl Esters of
Minority Present in Biodieselournal of Chemical & Engineering Da010.

[21] Yuan, W.; Hansen, A.; Zhang, Q.; Tan, Z., Temgiure-dependent kinematic
viscosity of selected biodiesel fuels and blend# wiesel fuelournal of the American
Oil Chemists' Societ005,82, 195.

[22] Duncan, A. M.; Ahosseini, A.; McHenry, R.; Dap, C. D.; Stagg-Williams, S.
M.; Scurto, A. M., High-Pressure Viscosity of Biedel from Soybean, Canola, and
Coconut OilsEnergy & Fuels2010,24, 5708.

[23] Blangino, E.; Riveros, A. F.; Romano, S. D.urMerical expressions for
viscosity, surface tension and density of biodieaealysis and experimental validation
Physics and Chemistry of Liquids: An Internatiodalirnal 2008,46, 527.

[24] Feitosa, F. X.; Rodrigues, M. d. L.; Veloso, 8.; Cavalcante, C. I. L,
Albuquerque, M. n. C. G.; de Sant' Ana, H. B., dsities and Densities of Binary
Mixtures of Coconut + Colza and Coconut + SoybealodiBsel at Various
Temperaturegournal of Chemical & Engineering Data5, 3909.

[25] Nogueira, C. A.; Feitosa, F. X.; Fernandes,AF.N.; Santiago, R. |. S.; de
Sant’Ana, H. B., Densities and Viscosities of BinaMixtures of Babassu Biodiesel +
Cotton Seed or Soybean Biodiesel at Different TeatpeesJournal of Chemical &
Engineering Daté2010,55, 5305.

156



Chapter 2
Low temperature

behaviaur






My direct contribution for Published Paper

This Chapter presents a study on the low temperdbehaviour of biodiesels. The
experimental work here reported was carried outnieyin collaboration with Mariana

Goncalves.

159






&

(QHUJ\

)XHO

Hl

161







Measurement and Modelling of Biodiesel Cold

Flow Properties

Jodo A. P. Coutinho, M. Gongalves, M.J. Pratas|MS. Batista, V. F. S. Fernandes

CICECO, Departamento de Quimica, Universidade deirAy3810-193, Aveiro,

Portugal

J. Pauly, J.L. Daridon

Laboratoire des Fluides Complexes, Centre Uninarsitdle Recherche Scientifique,

Université de Pau, Avenue de I'Université, BP 1138®)13 Pau, France

163



ABSTRACT

In spite of their interest for the understandingtloé low temperature behavior of
biodiesel, data on the phase equilibria of biodses¢ temperatures below the cloud
point are not available in the literature. To owene this limitation the liquid and solid
phase compositions and fractions at temperatudesvtibe cloud point were studied for
three commercial diesels at temperatures rangorg 260 to 275 K.

A thermodynamic framework able to describe thes#ipiase systems is presented.
Two versions of the Predictive UNIQUAC model alowgh an approach assuming
complete immiscibility of the compounds in the dghhase are evaluated with success

against the experimental phase equilibrium datasored in this work

KEYWORDS Biodiesel; Fatty acid methyl ester (FAME); Soligdid equilibrium;
Modelling; Predictive UNIQUAC.
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1. INTRODUCTION

Biodiesel production and consumption has been asing steadily in the last few
years thanks to the environmental benefits thatir&®m its utilization. The cost of the
raw materials and the competition with food forsar soils are the main limitations to
a more widespread use of biodiesel. The use ofen@kbr cheap and non-edible oils
and fats can help minimize this problem but themigation of a biodiesel must
conform to a number of standards before approvatdmmercialization.

The main biodiesel properties are dependent onithe@r fats used on its production.
This biofuel is much less complex than conventiodiaisels. It consists on a liquid
blend of, non toxic, biodegradable fatty acid esteellow coloured and immiscible
with water. Its cold flow performance depends boththe oil and the alcohol used in
the transesterification. A biodiesel with a largencentration of saturated fatty acid
esters, although less vulnerable to oxidation amsplalying better combustion
properties, has a worst performance at low temperatbecause of its tendency to
crystallizé. There are a number of specifications for the ieisel performance at low
temperatures. The most important are the CloudtPGid, the Pour Point, PP, the Cold
Filter Plugging Point, CFPP, and the Low Tempegtitterability Test, LTFT. Dunn
and co-workers have produced a large body of wbet provides a comprehensive
picture of the influence of the saturated fattyeestand various alcohols on the low
temperature behaviour of biodiesér® What currently lacks is a good and reliable
model that, from the knowledge of the biodiesel position, could predict the low
temperature behavior of the ffilelThis model would be an essential tool for a quick
evaluation of the biodiesel characteristics, desmn a biodiesel to meet the
requirements for low temperature utilization, amsign and operation of winterization
processes for biodies@ls

Our previous work has addressed the low temperatimavior of conventional fuels.
A thermodynamic model, Predictive UNIQUAC™ was developed and extensively
tested in diesel§'® jet fuels and other refined produtts®?and unrefined oifé%
with success. Lately we have been addressing tpécafpon of this model to the
description of the cloud points of fatty acid mietg®, and fatty acid meth$i and ethyl

estef® mixtures. The Predictive UNIQUAC model was showrbe able to successfully
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describe the cloud point of the mixtures studied presented limited advantages
compared to a simpler model where no solid solufmmmation was considered as
discussed in a previous wéfk

The cloud point provides, however, a limited infation about the low temperature
behavior of a fuel. Both the CFPP and the LTFTratated to what happens below the
cloud point, i.e. the composition of the materiahtt precipitates and the amount of
crystals formed. This last issue is particularligvant as the gelling of the fluid and the
plugging of filters is essentially dependent on éimeount of solids crystallizing at low
temperatures. The adequate design and operatismntdrization processes to produce
biodiesel that can conform to low temperature dmations also requires the capability
to predict the composition of the liquid phase raftartial crystallization of a biodiesel
and the prediction of its new low temperature cbmstics' °>* To learn more about
the behavior of a biodiesel below its cloud poimt approach successfully used
previously for the study of conventional dies&ls®and other complex synthetic

mixtureg? 32-3¢

was here applied to biodiesels. It consists irassmg by filtration the
liquid and solid phases at various temperaturesvbg¢he cloud point and study their
composition and relative amounts.

In this work experimental data for the solid ligughase equilibria of three
commercial non-additivate biodiesels at temperatuasging from 260 to 275 K are
reported. A thermodynamic framework able to desctifbese multiphase systems is
presented. Two versions of the Predictive UNIQUA®del along with a model
assuming complete immiscibility of the compoundstbe solid phase are evaluated

with success against the experimental data as shelow.

2. EXPERIMENTAL

The three commercial biodiesels here studied, BBBB and BDC, were obtained
from Portuguese biodiesel producing companies. Ve collected at the end of the
production line before additivation and their comsiion was measured by gas
chromatography on a Varian 3800CP chromatographipped with a split/splitless
injector at 250°C (split ratio of 1:20) and a FIBtector at 220°C. A DB1-HT column
(length: 15m, internal diameter: 0.32mm and filntkhess: 0.trm) coated with a film

of dimethylpolysiloxane, with a temperature prograis °C/min from 80 °C to 200 °C
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was used. The carrier gas was helium with a flae od 2mL/min. The compositions of
the fatty acid esters present in concentrationyvalfio5 wt% are reported in Table 1.

The total concentration of other esters was less thwt%.

Table 1. Composition (wt%) and Cloud Points of the biodietedied.
BDA BDB BDC

C16:0 16.18 5.59 11.04
C18:0 3.82 2.39 4.07
ci8:1 28.80 55.20 22.92
C18:2 50.46 34.89 61.03

Cloud Point/ K 280 271 276

The low temperature behavior of the biodiesels wstaslied using a methodology
previously developed by us to measure solid ligoidise equilibria in hydrocarbon
fluids*® 32 and widely used to the study of both synthetictores? ***¢and diesef$
8 It consists in separating the liquid phase frdme Pprecipitate by filtration at
controlled temperature and analyzing the phasegdsychromatography. The phase
separation is achieved using UniPrep syringelebsrdi from Whatman of 5 mL
capacity with filters of 0.@m porosity. The biodiesel is distributed in 1 mimgdes by
the UniPrep that are introduced on a thermostatith bwhere the samples are
equilibrated for 24 hours before separation. Whengeparation is completed, the two
phases recovered are analyzed using the gas clugmaply analytical procedure
described above. The liquid and solid phase cortiposand fractions are estimated by
mass balances from the results of these analysisrding to a procedure proposed
previously* 32 and detailed below. No multiple measurements veareied for each
point so a correct value of reproducibility of teeperimental data cannot be assigned.
Based on our previous experieffcé*>®and on the results for the points that were
duplicated the estimated reproducibility is of 1% the liquid phase composition, 5%
on the solid phase composition and 5-10% on thd #aiction.

The precipitate (P) recovered is composed by thHel shase (S) and important
guantities of liquid (L) that remain entrapped e ttrystals after the filtration. It is thus
impossible to assess directly the composition efshlid phase after the filtration. Only

the composition of the liquid phase (L) and thecpiate (P) can be determined
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directly. Since the unsaturated fatty acid estakehmelting points much lower than the
corresponding saturated fatty acid esters they matl crystallize at the temperatures
used on this study and thus the portion of liquidrapped in the crystals of the
precipitate can be determined from the quantityredfaturated fatty esters present in the
precipitate. Since the exact composition of theuitlg phase is known from
chromatography it is possible to calculate thetfoacof entrapped liquid, c, as:

- WCP181 +WCP182 (1)

WCL181 +WCL182

whereW are the mass fraction of the compounds obtainah fihe chromatographic
analysis and P and L stand for the precipitatetaediquid fractions. Using the value of
this fraction c it is possible to estimate the cosifion of the various compoundls
present in the solid phase, S, as
W’ - ow'

1-c

The fraction of the initial biodiesel sample thastallized,X®, can be obtained from

V\/iS = (2)

a mass balance to any of the compounds presenis ddeally estimated from the
concentration of any of the unsaturated fatty astérs on both the original biodiesel,

BD, and the concentration in the liquid phase,ider the conditions studied as

VViL _ VViBD
XS = BTy 3)
This experimental methodology allows an easy measent of the composition of
the liquid, W+, and solid phase¥\®, as well as the fraction of crystallized materii,

as function of the temperature.
3. THERMODYNAMIC MODEL

The precipitation of solids in biodiesel at low fgenatures is described using an
approach previously proposed by us for alkane mesttP?® and also applied to fatty
acid<®, and fatty acids methyl and ethyl estéréwith success.

The solid-liquid equilibrium can be described byesuation relating the composition
of componenti in the solid and liquid phases with their non idga and the
thermophysical properties of the pure compotient
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|n XilsgilS — DfusHi Tfus,i -1 - Dfust,i (Tfus,i) 1- Tfus,i + In Tfus,i (4)
X 0, RT; T R T T

whereg is the activity coefficient of the compoungljts mole fraction,D, H (T,..) the
molar enthalpy of fusion of the pure solute at thelting temperaturelys and
DfUSCp,i (Twsi) the molar heat capacity change upon fusion, abfumperatur@i,s.
The heat capacity change upon fusion is usuallgroegl as being independent of the
temperature and the bracketed term multiplied \mmemis often considered as being
small, as the opposite signs inside the bracket teamear cancellati6h This term was
thus neglected on the calculations. The thermophygiroperties of the crystallizing

saturated fatty acid esters used were obtained ¢amelations developed in a previous
work?” and are reported in Table 2.

Table 2. Thermophysical properties of saturated fatty acedhyl esters.

Tfus/ I:]fusH / DvapH /
K kJ mol*  kJ mol*
C16:0 302.59 56.85 96.58

C18:0 311.45 64.84 105.92

Since the major compounds of a biodiesel are fatig esters of similar size and
nature, the liquid phase may be treated as an sidation. Using Eq. (1), along with a
multiphase flash algorithm, the composition and amaf the phases in equilibrium
can be calculated if a model for the non-idealityhe solid phases is available. Due to
its simplicity and robustness the algorithm of tagon of the Rachford-Rice equations
proposed by Leivobici and Neoscfiivas used in the calculations.

The solid phase non-ideality is described by thetmecent version of the Predictive
UNIQUAC modet®. The UNIQUAC model can be written as

E n F Z " n n /. - /ii

g _ i g i

2 = In — += - |n L - | . - 5

RT izlxl " X 2 i:1qXI nFi i=1 AT jzlq] &P gRT ®)

with

F =X and g =% (6)
Xl X4
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On this version of Predictive UNIQUAC the struclumarametersy; and g are
obtained from the UNIFAC parameter ta8le

The predictive local composition concEpf allows the estimation of the interaction
energies,| j, used by these models without fitting to experitabrdata. The pair
interaction energies between two identical molexwdee estimated from the heat of
sublimation of the pure component,
2

(

/y=-(D H, - RT) 7)

ii sub” i

where Z is the coordination number with a valuel@fas in the original UNIQUAC
modef® ** The heats of sublimation are calculated at thé&imgetemperature of the

pure component as

DsugH=DyapH + DrudH (8)
The pair interaction energy between two non-idetigolecules is given by
/=1, =1,{1+a) ©)

wherej is the ester with the shorter chain of the gaiilhe interaction parametes;
allows the tuning of the non ideality of the sadiolution. In this work three approaches
to the solid phase non ideality will be evaluatadsuminga;=0 (UNIQUAC) as was
previously done for alkan&§® using &;=-0.05 UNIQUAC -0.09 , a value similar to
that used on the description of the phase diagrHrfatty acid$® and fatty acid estefs
and finally assuming that there is no solid soltiormation and each compound
crystallizes as a pure cryst®d solutior). This last situation corresponds to an infinite
value of the solid phase activity coefficient tivaithin the framework of Predictive
UNIQUAC can be achieved with a value aflarger than -0.25.

The solid-liquid equilibrium model used in this Wads thus a purely predictive model
that uses only pure component properties for thautzion of the phase equilibria. The
three versions here evaluated will be used to pteélde low temperature behavior of the

three biodiesels studied in this wétk
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3. RESULTS AND DISCUSSION

The experimental methodology used on this work ioless direct information about
the composition of the liquid phase. The composgiof the solid phase are estimated
from the composition of the liquid phase and thecjmitate according to Eqgs. (1) and
(2). The fraction of solids crystallizing from th@odiesel at each temperature is
obtained from the differences between the conckomis of the unsaturated fatty acid
esters on the original biodiesel and on the liqghdse according to Eq. (3). It follows
that the uncertainty associated to the solid pleasgpositions and the solid fractions is
consequently larger than that of the liquid phagech is just the uncertainty associated
to the GC analysis. The compositions of the licand solid phases along with the solid
fraction formed are reported on Tables 3 to 5 atwuarious temperatures studied for
each of the biodiesels used on this work. Theseegabhlong with the predictions

achieved by the three studied models are presamnteédures 1 to 9.

Table 3. Composition (wt %) of the solid and liquid phase®quilibrium as function
of temperature for BDA.

Temperature Liquid phase Solid phase Solid
/K Cl6:0 C18.0 C18:1 C18:2 Cl1l6:0 C18:.0 fraction
265.65 4.57 1.05 33.82 59.54 81.08 18.92 15.28
268.15 5.23 1.06 33.84 59.1 80.23  19.77 14.95
270.65 6.6 1.43 33.19 5795 80.21 19.79 13.47
273.15 8.34 1.86 31.98 56.77 80.91  19.09 11.15

275.65 10.91 2.75 30.91 54.42 82.61 17.39 7.47

171



Table 4. Composition (wt %) of the solid and liquid phase®quilibrium as function

of temperature for BDB.

Temperature Liquid phase Solid phase Solid
/K C16:0 C18:0 cil8:1 Cl18:2 Ci16:.0 C18:0 fraction
260.65 2.63 0.87 58.45 37.06 65.9 34.1 5.62
263.15 3.58 1.21 57.33 36.39 62.04 37.96 3.83
265.65 4.11 1.58 57.04 36.29 64.54 35.46 3.44
268.15 5.52 2.22 55.6 35.02 36.45 63.55 2.45
270.15 5.32 2.19 56.39 34.76 10.97 89.03 2.11

Table 5. Composition (wt %) of the solid and liquid phasesquilibrium as function

of temperature for BDC.

Temperature Liquid phase Solid phase Solid
/K Cl6:0 C18.0 cCi81 C18:2 C16:0 C18:.0 fraction
260.65 4.2 1.23 25.86 68.71 7186 28.14 11.05
263.15 5.61 1.84 25.32 66.87 71.92  28.08 9.14
265.65 6 1.98 25.07 66.34 70.98 29.02 8.23
268.15 6.73 2.35 24.94 65.46 72.18 27.82 7.19
270.65 10.7 3.95 22.97 61.4 71.27  28.73 0.5

172



0.7

06 o= e
0.5
c
o
g 0.4
0
%
= 0.3 e C16:0
A C18:0
+ Ci18:1
0.2 = C18:2
- UNIQUAC
011 —~-UNIQUAC-0.05
— No solution
R e ‘ | | |
260.0 262.5 265.0 267.5 270.0 2725 275.0 2775

Temperature / K

Figure 1. Liquid phase composition for BDA.

1
0.9 R
0_8,.-----.-.-.-..._....—.._.I—___:_——_:_——_:- _._
0.7 1
c
% 06 e C16:0 (exp)
§ a4 (C18:0 (exp)
% 0.5
g -- - UNIQUAC
0.4+ — - UNIQUAC -0.05
— No solution
0.3 1
0-2*-------------_----_--_--_1_____1_____'1'__ A N
T
0 T T T T T T
260.0 262.5 265.0 267.5 270.0 272.5 275.0 277.5

Temperature / K

Figure 2. Solid phase composition for BDA.

280.0

280.0

173



0.18 =irw .
0.16
0.14 |
c
i)
@0.12 1
=
5 0.1
n
0.08 | N
= Experimental solid fraction
0.06 - - - - UNIQUAC
004 — - UNIQUAC -0.05 .
— No solution "
0.02 |
\
O T T T T \
260.0 265.0 270.0 275.0 280.0 285.

Temperature / K

0

Figure 3. Dependence with the temperature of the fractiopre€ipitated solid material

for BDA.
0.6 s e
¢ . __o.-_._-_::—'::_'"---- .
. e -

0.5
0.4
9 Wﬂ_ﬂ_ﬁ-_#“ s == = == - - -
— [ ] —— A L L s s s s r o = oaa -
S . .
()] |
0.3 e C160
= s C18:0

+ Cl8:1
0.2 = C18:2
-- - UNIQUAC
— - UNIQUAC -0.05
01 — No solution
0 T T T T T \-
260.0 262.0 264.0 266.0 268.0 270.0 272.0
Temperature / K
Figure 4. Liquid phase composition for BDB.

174

274.0



e C16:0
0.9 a C18:.0 A
--- UNIQUAC _
0.8 . i -
UNIQUAC -0.05 P
07 — No solution
o L 2
o N
go.ﬁ | ¢
7
90.5 |
=
0.4 .
0.3
0.2
0.1
0 T T T T T T
260.0 262.0 264.0 266.0 268.0 270.0 272.0 274.0
Temperature / K
Figure 5. Solid phase composition for BDB.
0.07
0.06 --.. = Experimental solid fraction
S --- UNIQUAC
~ - — - UNIQUAC -0.05
0.05 ~  No Soluti
c ~ 0 solution
2
3]
S0.04
=)
©
a
0.03 -
0.02 -
0.01- .
0 T T T T T T
260.0 262.0 264.0 266.0 268.0 270.0 272.0 274.0

Temperature / K

Figure 6. Dependence with the temperature of the fractiopre€ipitated solid material

for BDB.

175



0.8

0.7 == .. N
. L] . =T
0.6 . g,
S e C16:0
g05 s C18:0
- . C18:1
w .
804 = C18:2
£o4 - - - UNIQUAC
— UNIQUAC -0.05
0.3 — - No solution
hd ¢ 3 oSt s per i os o
*
0.2 |
0.1 |
[ ] [ ]
! iyl A ————
0= A ‘

260.0 262.0 264.0 266.0 268.0 270.0 272.0 274.0 276.0 278.080.02
Temperature / K

Figure 7. Liquid phase composition for BDC.

1
0.9 |
0.8 |
07 > - Rl g
_ O
S
06 . C16:0
” s C180
@ 05 - - - UNIQUAC
= — - UNIQUAC -0.05
0.4 | — No solution
0.2 |
0.1
0 T T T T T T T
260.0 262.5 265.0 267.5 270.0 2725 275.0 2775 280.0

Temperature / K

Figure 8. Solid phase composition for BDC.

176



0.14

0.12 1

0.1
c
i)
S
£0.08 .
o N
e) N
(%) R
0.06 - - - UNIQUAC
— - UNIQUAC -0.05
0.04 |
— No solution
= Experimental solid fraction
0.02 |

O T T T T T T N

260.0 262.5 265.0 267.5 270.0 272.5 275.0 2775 280.0
Temperature / K

Figure 9. Dependence with the temperature of the fractiopre€ipitated solid material
for BDC.

Since the lowest temperature studied was 260.65d&K the melting points of the
unsaturated fatty acid esters present on the l@edere lower than this value it was
admitted that these compounds did not crystallimdeu the conditions used in this
work. The solid phase is thus composed solely bysHturated fatty acid methyl esters,
methyl palmitate (C16:0) and methyl stearate (C)L8f@e temperature dependency of
the liquid phase compositions observed for all biediesels is similar as shown in
Figures 1, 4 and 7. As the temperature decreasesathrated esters crystallize and then
the liquid phase becomes depleted on the saturasters and enriched on the
unsaturated esters. This results on an increageeafnsaturated esters concentration at
low temperatures while the saturated esters shevopiposite behavior with a decrease
in concentration with temperature. In what concehesdescription of the liquid phase
compositions the three models adopted have qum@asi performances providing a
description of the data that is essentially wittheir experimental uncertainty.

The solid phase compositions presented in Figures @hd 8 display a richer and
more complex behavior becoming a more stringerit tieshe models. Although the
models predict a similar solid phase compositioteatperatures 5 to 10 K lower than
the cloud point, close to it they display a verffedtent behavior. While the Predictive
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UNIQUAC model witha;=0 (UNIQUAQ) predicts that both saturated esters crystallize
simultaneously, as expected from the formation sblad solution, the model assuming
that each ester crystallizes independeritly §olutior) starts with the crystallization of
just one of the esters and, as the temperatureatses and the ratio between the stearate
and palmitate esters reaches the eutectic pointhef mixture, they start both to
crystallize although as independent solid phasdds Pproduces some interesting
features on the phase equilibria predicted byNleesolutionmodel such as a small
increase on the concentration of the methyl steamatthe liquid phase below the cloud
point and down to 276 K for BDA while the methylipéate crystallizes alone.

The kinks observed on the solid fraction lines ptedl by this model and reported in
Figures 3, 6 and 9 can also be assigned to thegehafiregimen of crystallization of a
single ester to the simultaneous crystallizatiotwaf esters. In any case these behaviors
would be too subtle to be observed on the expetimhelata to test the model validity.
The Predictive UNIQUAC model withg;=-0.05 UNIQUAC -0.03 presents an
intermediate behavior between these two extremekileWt clearly favors the
crystallization of one of the esters over the otaeithe cloud point it still predicts
nevertheless that there is always some degree -ofystallization. This allows the
correct description of the decrease in methyl palt@iand increase in methyl stearate
concentrations as the temperature decreases otdsenBDA. The UNIQUAC model
predicts the opposite behavior for all the studiexfuels, while theNo solutionmodel,
although qualitatively correct, overestimates ttasnposition change. This change in
the solid phase composition is particularly visifde BDB shown in Figure 5. Because
in BDB the methyl palmitate to methyl stearateaad much lower than in the two
other fuels the crystallization will start on theposite side of the eutectic point than the
observed in BDA and BDC. This originates that &t ¢toud point it will be the methyl
stearate, rather than the methyl palmitate thatidati®s in the solid phase. This peculiar
behavior is rather clear in the experimental dath an inversion of the dominant ester
in the solid phase as the temperature decreases.

Although all the models can qualitatively descrthe change in the dominant ester
present in the solid phase tO®&IQUAC model fails to adequately describe it while the
two other models provide a fair description of ttemcentration inversion. On BDC,

presented on Figure 8, thiNIQUAC model again fails to provide a description of the
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gualitative trend observed in the solid phase cattjpms. The two other models show
no differences within the experimental temperatarge studied.

The crystallization differences around the cloudthpaalong with the differences on
the estimation of the cloud point itself, generatgortant differences on the solid
fractions predicted by the three models studiedhis work reported on Figures 3, 6
and 9. The solid fraction, as well as the cloudnpa@stimation, decreases with the
increasing non ideality of the solid phase. Incases the solid fractions predicted by
the UNIQUAC model are larger than those estimated byUN¢éQUAC -0.05and these
larger than those obtained from tNe solutionmodel. It is clear that the UNIQUAC
model overestimates the solid fractions measurecerzhe quality of the experimental
data measured for the solid fractions it is notspgae to clearly identify which of the
two other models is the best since both descrilee dfita within its experimental
uncertainty.

A global analysis of the data suggests that bothUNIQUAC -0.05and theNo
solution model can provide an adequate descriptiothne phase equilibrium data of
biodiesels below the cloud point of the fuel. ThRIQUAC -0.05 model is probably
superior with a better description of the cloudnp@nd of the solid phase composition.
A more extensive set of data and of higher quaktgms to be required to reach a final

conclusion.

5. CONCLUSIONS

This work reports experimental data for the solguid phase equilibria of three
commercial, non-additivate, biodiesels at tempeestwanging from 260 to 275 K. A
thermodynamic framework able to describe theseiphdse systems is presented. Two
versions of the Predictive UNIQUAC model along wahmodel assuming complete
immiscibility of the compounds in the solid phasee aevaluated against the
experimental data measured. It is shown that baHPredictive UNIQUAC model with
a;j;=-0.05 UNIQUAC -0.09 and a model assuming complete immiscibility oa $olid
phase are capable of providing an adequate repatigenof the phase equilibria for

these systems below their cloud points.
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My direct contribution for Published Paper

This Chapter presents a paper that joins togethet af biodiesel properties and
relates them to the composition on fatty acid mletbsters. Biodiesel used was
identified inBiodiesel Synthesend characterized &odiesel Characterizatian

Experimental measurements of quality parametersngfbiodiesels productions
were made by Sovena accredited laboratory in CegpariAlmada that follows the BS
EN 14214:2008 norm (Automotive fuels. Fatty acidtimyk esters (FAME) for diesel
engines. Requirements and test methods (Britishdatd)).

Figure 11- Aspect of Sovena Biodiesel factory in Caparica, &dia, Portugal.
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Abstract

European and American governments are targetingni@poration of 10% and
20%, respectively of biofuels in transportationl$uby 2020. A number of important
properties of the biodiesel can be directly reldtethe chemical composition of the raw
material. It is therefore possible to predict thpseperties for each biodiesel based on
their fatty acid profile.

The aim of this work is to study the biodiesel prdigs dependence with
composition. To have a database to perform thidysive synthesized methyl esters of
rapeseed, soybean and palm as also their binatymsxand ternary mixture, and also
sunflower biodiesel. The properties evaluated vademsity, viscosity, iodine index, and
CFPP. The objective of this study is to evaluategtoperties of biodiesel oils obtained

from different feedstock (soybean, rapeseed, psimflower) and also their mixtures.

KEYWORDS: Biodiesel, Properties, Composition dependencesidg Viscosity,
CFPP, lodine Value.
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INTRODUCTION

The fossil fuel resources are dwindling day by d@jy. is becoming increasingly
scarce and soon will not be able to meet the nunseslemands, arising mainly from the
transport sector. Faced with the energy crisiseandronmental degradation, due to the
massive use of fossil energy sources, biodieserean attractive alternative to diesel
fuel. Biodiesel can reduce the environmental impaut transportation, reduce the
dependence on crude oil imports and thus on refatétical and economic factors, they
offer business possibilities to agricultural entisgs®

A substitute diesel fuel derived from vegetables @k animal fats, biodiesel is a
mixture of saturated and unsaturated long-chaity fatid alkyl esters. It is the final
product of a transesterification reaction of vebeila with a short alcohol in a presence
of a catalyst. Industrially the most used procedbe alkaline-catalyzed reaction.

The biodiesel fuel has to fulfill a number of qiyakstandards. In Europe the biodiesel
fuel standards are compiled in the norm CEN EN ##424and in USA in the norm
ASTM D675%. The norms specify the requirements and test ndstfar biodiesel fuel
to be used in diesel engines, in order to increheebiodiesel fuel quality and its
acceptance among consumers. According to the Eamopegislation, there are 25
parameters that have to be analyzed to certifyibsadl quality. Most of these analytical
parameters provide indications of the quality a# fhroduction process. Some others
reflect the properties of the raw materials th&t ased to produce the biodiesel. The
transesterification does not alter the fatty aanposition of the feedstock and this
composition plays an important role in some critiparameters of the biodiesel.
Properties such as density, viscosity, low tempeeaperformance, flash point, cetane
number, iodine index, or oxidative stability depeamdthe fatty acid esters profile.

The biodiesel has a poor cold-temperature perfoceamd a low oxidative stability,
increased NO, and exhausts emissions. Solutionsécof these problems often entail
increasing the problematic behavior of another erigpand require the use of additives
or modifying the fatty acid composition, either dbgh physical processes, such as
winterization, or through changes in the raw matsri® In this regard, the generation
of transgenic soybean lines with high oleic acidteat represents one way in which

plant biotechnology has already contributed to ithprovement of biodiesélViable
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strategies for increasing oil production in seedgehalso been demonstrated, although
additional work is necessary to translate thesgeta increases in the field. In addition,
research at an early stage has also suggestedofvpysducing oil in vegetative tissue
rather than in seeds. Combining these approachdsvidop high-yielding energy crops
will increase the production of plant oils suitafile biodieseF.

In order to test several fatty acid ester profiléedent biodiesels were synthesis and
evaluated in this work. Fatty acid methyl esterssoybean, rapeseed, palm oils and
their mixtures (binary and ternary) and also, smmélr were synthesized. The quality of
biodiesel was tested for some parameters accorinthpe European Standard EN
14214:2008

A special importance is here given to critical mdjes that depend on fatty acid
profile of raw material as density, viscosity, io€eivalue, and cold filter plugging point
(CFPP).
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MATERIALS AND METHODS

Materials. The eight biodiesel samples studied in this workensynthesized at our
laboratory by a transesterification reaction of #tegetal oils: Soybean (S), Rapeseed
(R), and Palm (P), and their respective binary t@ndary mixtures: Soybean+Rapeseed
(SR), Rapeseed+Palm (RP), Soybean+Palm (SP), afmb&wo+Rapeseed +Palm (SRP)
and Sunflower (Sf). Methanol (99.9% m/m) was puseuafrom Lab-scan, and all other

chemicals used were obtained commercially and weamalytical grade.

Transesterification process

The transesterification reaction for all biodiesa@mples was performed under specific
conditions: the molar ratio of oil/methanol usedswia5 with 0.5% sodium hydroxide
by weight of oil as catalyst. The reaction was q@enied at 55 °C during 24 h under
methanol reflux. The reaction time chosen was abgdbr convenience and to
guarantee a complete reaction conversion of oeeditoil. Raw glycerol was removed
in two steps, the first after 3 h reaction and tlaéter 24 h reaction in a separating
funnel. Biodiesel was purified by washing with rbstilled water until a neutral pH
was achieved. The biodiesel was then dried urgilEN 1SO 12937 limit for water was
reached (less than 500 ppm of water). The watetecbnvas checked by Karl- Fischer
titration.

There are a lot of publications that report biodiggoductions in shorter times (3-4
hours of synthesis). But in these conditions bisel® did not possess a good quality
level, as the yield was less than 90%. The presehtdermediate species in biodiesel
influences dramatically their thermodynamic projstt Conditions to produce
biodiesel were optimized until conversion reactmbtained has yields of more than
96.5% (EN14103). Therefore the reaction time waseiased to a limit value (24h) to
guarantee a complete conversion at the reaction.

In fact many author produce and test biodiesel idensg the optimization
procedures developed by other works, as a genecipa’ This could be acceptable
where the target is to produce biodiesel from d#ifeé raw materials, but yield needs to
be always evaluated as esters content, in orderaduce reliable data for scientific

community.
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After production the biodiesel fuels were storedlema nitrogen inert atmosphere
until analysis of biodiesel quality.

Biodiesel Characterization.

Biodiesel was characterized following the EN142082 and the results are
presented in Tables 1. Detailed description of iee&l composition is reported in Table
2, showing qualitative and quantitative informatidiigure 1 presents the quantity of

saturated and unsaturated components of each sabdie

RESULTS AND DISCUSSION

As presented in Table 1 and Figure 1 all biodiésele different fatty acids profile.
Palm oil has the higher quantity of saturated lohgin such as palmitic (C16:0) and
stearic (C18:0) acid. It has three times more a#tdr compounds then other raw
materials studied. In the other hand soybean, emgeand sunflower oils are rich in
esters of unsaturated fatty acids, namelly ole&&8(1), linoleate (C18:2) and
linolenate (C18:3) acid. However they differ in tledative percentages. Sunflower and
soybean present a similar fatty acid profile butthe first linolenate acid (C18:3)
doesn’t appear. Rapeseed oil has the higher pageiof monounsaturated compounds,
especially oleate acid (C18:1).

With such unique profiles of fatty acid esters wagious biodiesel fuels, as reported
in Tablel and presented in Figure 1, are expeotpdesent different properties.
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Table 6 -Compositons in mass percentage of the stuciodiesels.

Methyl st s R P SR RP SP SRP
Esters
C10 001 003 002 001 001
c12 0.0 004 024 003 020 018 0.14
c14 007 007 007 057 009 054 001038
C16 6.4C 10.76 522 4245 890 23.09 2556 18.97
C16:1  00¢ 007 020 013 015 017 011014
c18 42; 394 162 402 276 302 404328
C18:1  23.9( 2296 6211 41924182 52.92 33.13 42,51
C182  64.1¢ 5353 21.07 9.80 37511547 31.72 27.93
C18:3 01 702 695 009 7.02 308 358466
C20 00: 038 060 036 046 049 0.390.45
C201  01F 023 135 015 068 067 020052
c22 07¢ 080 035 009 046 024 032033
C221  00¢ 024 019 012 009 0.2 0.14
c24 022 015 0.63 0.53
0 _
7 1
1
] 1
7 1
1
1
" 2 2 2 :

Figure 1 - Saturation level of fatty acidprofile of vegetal oils usec.

Monounsaturate, Diunsaturate, an

Triunsaturate components.

‘2

Saturate,
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Table 7-Characteristics of biodiesel followed EN 14214:2003

limits Biodiesel Methyl Esters

Property unit min.  max. St S R P RP SP SR SRP
Ester content % m/m 96.5 98.5 99.4 98.8 96.5 98.9 97.1 97.2 97.3
Density @ 15°€ kg/m® 860 900 887.2 887.3 886.0 8779 8821 8828B5.7 883.0
Viscosity @ 40°C mrts 35 5 418 408 454 46 453 430 428 4.36
Water content mg/kg 500 <300 <300 <300 <300 <300 <300<300 <300
Acid Value mgKOH/g 0.5 0.18 0.26 0.23 0.17 0.28 0.2 0.16 0.2
lodine value g iodine /100g 120 132.2 131.2 1095 55.7 79.5 931 1201 97.8
Linolenic acid methyl ester % (m/m) 12 0.12 7.02 6.95 0.13 3.08 358 7.02 4.66
Methanol Content %(m/m) 0.2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.040.01 <0.02
Monoglyceride content %(m/m) 0.8 0.66 0.4 0.86 0.95 048 075 0.85 0.79
Diglyceride content %(m/m) 0.2 0.05 0.02 0.05 0.4 0.06 014 0.09 0.12
Triglyceride content %(m/m) 0.2 0.01 0.01 0.01 0.08 0.01 0.0/ 0.07 0.08
Free gycerol %(m/m) 0.02 0 0 0 0.02 0 0 0 0
Total Glycerol %(m/m) 0.25 0.18 0.11 0.23 0.33 0.13 0.22 0.24 0.23
Group | metals (NaK") mg/kg 5 10.2 5.9 0.95 1.03 1.3 31 <07 2.1
Group Il metals (CaMg®) mg/kg 5 4.7 25.8 <0.3 <0.3 <0.3 9.6 4.1 4.6
Phosphorus content ppm 10 <0.4 11.6 <0.4 <0.4 <0.4 3.5 0.6 0.8
CFPP °C -3 -5 -17 11 4 5 -10 1
CP °C 0 0 -4 >5 3 5 -2 4

3 reference 8° reference 9
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The best way to evaluate properties is compareah thgolving the standards limits
present in the European norms. American norm hamexp standard limitation for
almost properties. The studied properties are tengscosity, iodine value, and CFPP.

Atomization and vaporization of fuel in engines agyeeatly influenced by the
viscosity and density of the fuel and these progerare temperature and pressure
dependents. The viscosity is defined as the resistaffered by one portion of a
material moving over another portion of the sameenia® The viscosity is required
for the design of pipes, fittings and equipmenbéoused in industry of oil and fdelA
viscous fuel, causing a poorer atomization, whihthe first step of combustion, is
responsible for premature injector cooking and faet combustiort® ** Thebiodiesel
standard EN 14214 sets the viscosity at 40°C medswith viscometer Stabinger in a
range of 3.5 — 5 mffs. American limits lies in the range 1.9 - 6 ffsn It was showlf”

13 that viscosity decreases with decreasing of tigtte chain and with the alcohol
length, and with increasing of unsaturation level.

Figure 2 presents results of kinematic viscositglbbiodiesel samples at 40 °C. In a
general way it's seen that biodiesel with greattenhof saturated compounds, as palm,
presents higher viscosity, and soybean with moae 80% of unsaturated compounds
presents the lower viscosity. The viscosity hasoglnmo correlation with percentage of
total saturated or total unsaturated compound)0lut presents a high correlation

coefficient of 0.94 with the percentage of polyunsated esters.
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Figure 2 —Viscosityof methyl esters of studied biodies and EN14214 limil.

The densityis of special importance for diesel engines bec&usleis metered to the
engine volumetrically.The higter density of biodiesel, compared to petrodies
compensates their lower gy content on a weight basiBiodiesel ensity data are
relevant because injection systems, pumps andiamgemust deliver the amount of ft
precisely adjusted to provide proper combus™ In biodiesel standard EN 142:the
density was measured H8°C with viscometro Stabinger in a range of & 900 kg/ni.

It is showrt**® that densityincrease with dereasing of the length chain and
alcohol length, and with trincreasing of unsaturation level

Figure 3 presents meared density of produced biodiesel at 15°C. Addiesel fuels
fall within the limits imposed by the norm and et very similar densities rangil
from 878 and 887 kg/fn Overall, palm biodiesel with great content of sated
compounds presents lowdensity, and with more than 90% of unsaturated @amgs
soybean, sunflower and rapeseed presents the higinsities. Density property has
coefficient correlation of 0.96 with percentage tiftal saturated or unsatural

compounds.
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Figure 3 —Density of methyl esters of studied biodie and EN14214 limits.

lodine valueis a measul of total unsaturation of a fatty material measunedy
iodine/100 g of samplevhen formally adding iodine to the double bondse iodine
value of a vegetable loor anima fat is almost identical to that of the correspoig
methyl estersThe idea behind the uthis property to evaluate biodie is that it would
indicate the propensity of an or fat to oxidize, but it may also indicate the peasity
of theoil or fat to polymeriz and form engine deposftsThus, anadine valu of 120
was specified in EN 142 thatwould largely exclude vegetable oils such as sayl
andsunflower as biodiesel feedst(, whereas in the United States iodine value was
included in biodiesel standards ASTM D6°. Palm oil, rich in esters of saturated f:
esters, was theil with a lower iodine valu and higher saturated methyl esters col.
On the other extreme limit are soybean and sunflomith the higher percdage of
polyunsaturated compounds (C18:2 and C18:3) witlodime value that came out
European limitation of 12@ iodine/100 g of sampléodine value presents a correlat

coefficient of 0.93 with total of polyunsaturatesters
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Figure 4 —lodine Valueof methyl esters of studied biodies and EN14214 limit.

The lowtemperature behavior of fuels is evaluated by dbfie properties: clou
point (CP), cloudpoint (PP) and cold filteplugging pant (CFPP). All of them ar
related to the tengvature of crystallization wax process. Thuel contains sma
amounts of long-chaimydrocarbons, called waxes, which crystallize atpgerature:
within the normal engine operating ra. Initially, cooling temperatures cause |
formation of solid wax kystal nuclei the are submicron in scale and invisible to
human eye. A drther decrease in temperal causesthese crystals to grow. TI
temperature at which crystals become vis [diameter (d) 0.5 m] is defined as th
cloud point (CP) becaugbe crystal usually brm a cloudy or hazy suspens. Due to
the orthorhombic crystallir structure, unchecked crystalline growth continussdly
in two dimensiongorming large platelet lamelladf temperatures are low enot,
larger crystals (d ~ 03 mm x 0.01 mm thick) fuse together and form Ie
agglomeratethat can restrict or cut othe flow through fuel lines and filters and cat
start-upand performance problel. This is the temperature of cold filter pluggingnd
(CFPP). The temperatuag which crystal agglomeration is extensive enougprevent

free pouring of fluid isdetermined by measurement of its pour point . This
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phenomenon occurs withoth biodiesel and petrodiesd@lhese cold flow properties a
associated to chemical scture profile of a fuel. The higher the contentiarig chain
saturated hydrocarbons the higher the temperatunhiah crystallization occurs ar
worse the fuel quality. Unsaturated compounds haveetter performance at Ic
temperature. European stard used CFPP to evaluate biodiesel low temper:
behavior while American standard uses CP. For Hwhimits areclimate-dependent.
The options are given to allow for seasonal gri to be setationally (summer and
winter seasondr classes for arcticlimates. CFPP presents a correlation coefficiéi
0.91 with the percentage of total saturated orl totsaturated esters. Rapeseed

palm biodiesel presents opposite extremes behaViw.first is the most unsaturat
(with 92% of unsaturated comgnds) and the better behavior at low temperaturin |
biodiesel is the most saturated one (with 45% tirated esters) and shows the wi
low temperature performance, that also affectdldsadiesels produced with palm ¢
CP of biodiesel samples re also measured and exhibit the higher coeffic
correlation of all correlated properties 0.97, witital saturated or total unsatura

esters.

Figure 5 —CFPPof methyl esters of studied biodies and EN14214 limits for Portuc.
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Correlation matrix of the properties, in FiguresBpws us a small correlation between
studied properties. Nevertheless CP and CFPP Ina&viigher correlation coefficient,
0.95. Density presents a better correlation withtki#h with CFPP. Viscosity presents
the best correlation with iodine value.

Figure 6 - Correlation matrix of properties.

CFPP CP Density Viscosity lodine Value
CFPP - - - - -

CP 0.96 - - - -
Density 0.81 0.90 - - -
Viscosity 0.23 0.36 0.36 - -

lodine Value 0.72 0.81 0.81 0.81 -

CONCLUSIONS

New experimental data are presented for severalidsel fuels produced in our
laboratory with methyl esters profile informatiomadable. It was possible to evaluate
the influence of unsaturation level in the progertmeasured and also correlate them.

Studied properties were density, viscosity, ioduaue, and CFPP (and CP). All
properties related with original raw material cormsiion. No correlation between the
density and viscosity was observed, as in anotimegstigation on biodiesebut all
biodiesel compliances the European and Americandatd for density and viscosity
properties.

Biodiesels made from feedstock containing highemceatrations of high-melting
point saturated long-chain fatty acids tends toehpwor cold flow properties. It was
observed that the biodiesel from palm oil presgmtsblems for cold flow properties
with specification outside the European limits. igle of it with other biodiesel fuels
can improve these properties in order to comply\Etiropean specifications.

The ideal biodiesel fuel profile presents a limitgdantity of saturated esters for
improving his cold behavior. Likewise a small qugnof polyunsaturated esters will

reduce iodine value and increase stability.
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Chapter 4
Water solubllity In
biodieselsand

fatty acids






My direct contribution for Published Paper

This work takes a look at the mutual solubilitiesveater and fatty acids, and
solubilities of water in biodiesel. Both are imgont to industrial biodiesel production
and their scarcity on open literature motivated gtudy. | have made all experimental
part, namely measurements on equilibrium phaseterwalubility determined by Karl
Fisher and solubility in water by turbidimetry itose glass ampoules. The biodiesel
used was identified iBiodiesel Synthesiand characterized as describedBindiesel

Characterization
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Abstract

Data for the mutual solubilities of fatty acid + tea mixtures are scarce and so
measurements for seven fatty acig-(f30, C12) + water systems were carried out. This
new experimental data was successfully modelled ¢ CPA EoS. Using data from
Ce to G and the Elliot’s cross-associating combining uleorrelation for thé; binary
interaction parameter, as a function of the aciaircthength, is proposed. The mutual
solubilities of water and fatty acids can be adégjyalescribed with average deviations
inferior to 6 % for the water rich phase and 30drthe acid rich phase. Furthermore,
satisfactory predictions of solid-liquid equilibred seven fatty acids (GCig) + water
systems were achieved based only orkjloerrelation obtained from LLE data.

Keywords: Biodiesel, CPA Eo0S, Fatty acids, Mutual solubistigVater
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Introduction

Fatty acids are important commodities with an iasneg wide range of industrial
applications. Widespread use can be found in different produsmsh as: household
and industrial cleaners, coatings and adhesivestspapersonal care products,
pharmaceuticals, cosmetics, industrial lubricantsrrosion inhibitors, polymers,
textiles, foods, paper, crayons, candles and wakResticular applications of some
specific fatty acids can be found elsewtergatty acids can also be used as raw
materials for fatty alcohols and biodiesel procdortiZ

Although the chain length limits used to definetyfadicids are not strict, these are
typically higher chain length aliphatic carboxylacids with 6-24 carbon atoms.
According to literature, the worldwide productioapacity for fatty acids in 2001 was
around 4 x 1®dmetric tond.

Although shorter chain length carboxylic acids aseially produced synthetically,
most of the fatty acids are obtained from natuilaland fats by hydrolysis (chemical or
enzymatic). Hydrolysis converts the oil or fat (&glyceride) into three fatty acid
molecules and glycerol, usually at high temperatum@ high pressure conditions, using
about 30-60 % water in a fatty acid weight basms.sbme cases, acid washing is
performed before the hydrolysis reaction in orderrémove impurities. Following
hydrolysis, different purification processes can Ilanployed, among them
crystallization (typically with methanol or acetynsolvent extraction (either liquid-
liquid or supercritical fluid extraction) distillain and adsorption. Distillation removes
colour and odour bodi&slow boiling unsaponifiable materials, polymerizexterials,
triglycerides and heavy decomposition products.eDtbeparation processes include
hydrophilization, panning and pressing and fornratibsolid urea complexés

Although fatty acids may be used for biodiesel picitbn, transesterification is the
most frequently usédmethod for producing biodiesel from vegetable ,ditdlow or
waste cooking oifs It consists on the reaction of an oil or fat wath alcohol to form
fatty esters with glycerol as a byproduct. A cadtlig necessary to increase reactions
rate and yield and basic catalysts are preferredtdihigher reaction rates and lower
process temperatufedethanol and ethanol can be used as alcohokeineaction, but

213



methanol is preferred due to its low cost and majsand chemical advantages in the
proces$ ’.

In the biodiesel production process the fatty astérh current coming from the
reactor is saturated with glycerol, alcohol, caagnd unreacted soaps. This current is
washed in a liquid-liquid extractor in counter @nt with acidified water to neutralize
the catalyst and to convert soaps to free fattgsadihe raffinate current is composed of
water saturated biodiesel while the extract isva i1 aqueous solution containing the
polar compounds The design and optimization of the purificatiohbiodiesel with
water requires a model that can describe this pbas#ibria.

In spite of the importance of the phase equililofidatty acid + water systems, there
is a lack of experimental data for their mutualubdities. To overcome this limitation,
measurements were carried out for the water sdaiphi six fatty acids and the
complete phase diagrams were established for p@intahexanoic and dodecanoic
acids.

Several models have been previously applied tesystcontaining fatty acids with
different degrees of success. Carboxylic acidsfoam dimers in the vapour phase as
well as dimers, trimers or even oligomers in tio@ilil phase, which make acid mixtures
highly non-ideal, requiring a model able to takmiaccount these interactions, in order
to correctly describe their phase equilibria.

One of those approaches is the UNIFAC model. Ya$ model does not perform
well when dealing with polar compounds with assioorg such as the water + acid
system&*? because it does not take explicitly into accahetassociation interactions
present in these systems. Moreover it does notita&eaccount the dimerization in the
vapour phase. Improvements with respect to thenaligJNIFAC model were achieved
by the addition of an association term so as te tato account the association effects.
The A-UNIFAC model was satisfactorily applied toegict vapor-liquid and liquid—
liquid equilibria and to compute infinite dilutioactivity coefficients for mixtures
containing alcohols, carboxylic acids, water, estearomatic hydrocarbons and
alkane$®. Applying the A-UNIFAC model to associating systeis quite demanding
since it is necessary to analyze every UNIFAC fiometl group in order to recognize
the presence of associating sites.

Another thermodynamic model proposed for acid systés the group contribution
equation of state, GC-EoS developed by Skjold-Jeeé* that was extended by Gros
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et al®®

to mixtures of fatty oils and their derivativeatly acids, fatty acid esters, mono-
and di-glycerides) with supercritical solvents likarbon dioxide or propane. The
association model proposed by Gros et al. providedlts in better agreement with the
experimental data than the GC-EoS.

The coupling of a cubic equation of state (SRK)hwat model that expresses the
dimerization of the acid molecules was also usedawelate experimental VLE for
gases in acetic acii*’

The Statistical Associating Fluid Theory (SAFT) rebvas used to compute phase
equilibria of formic, acetic and propanoic acid dm systems with aromatic
hydrocarbon®¥. The same approach was followed by Fu and Sdfidied its results
compared to those of the simplified SAFT EoS. These models were also used, in
the same work, to correlate cross-associating sgsteontaining acids, alcohols and
water. The original SAFT model performed bettemthize simplified one, but none of
them was able to produce a good description of @tgisystems.

The Cubic plus Association (CPA) EoS was used teetate VLE and LLE for short
chain acids + aliphatic hydrocarbons, in agreemstit the experimental d&ta The
extension of the application of this model to bynagqueous mixtures was only made up
to acetic acid systems, with satisfactory restilts

As a result of our ongoing effort to develop an an of state model for the
description of the phase equilibria, relevant toe biodiesel production, in a previous
work, the CPA EoS was shown to be an accurate ntod#gscribe the water solubility
in fatty acid esters and commercial biodieSels

In this subsequent study, which scope is alsotefast for the biodiesel industry, the
CPA EoS is applied for the first time to carboxydicids heavier than propanoic acid
(up to Go for pure component properties and up tg for mixtures), and to the
description of LLE and SLE of their binary mixtunegh water.

In the mentioned preceding paper, the CPA EoS wpbea to mixtures of fatty acid
esters (non-self-associating compounds) and watele in this paper mixtures of acids
(self-associating compounds) and water are studgstems with carboxylic acids are
usually strongly non-ideal and considerably moféadilt to model than ester mixtures.

Two different associating combining rules are hevaluated on the basis of their

ability to correlate these water + fatty acid sgste
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It will be shown that short chain and long chainboaylic acids have different
behaviour requiring different cross-associating bomnmg rules and that the dissociation
of the acids smaller than pentanoic acid will haenajor impact on their mutual
solubilities with water. To correlate the mutualudalities of water and carboxylic acids
studied in this work, only binary interaction paeters k;) in the physical part of CPA
were used, and these were found to be linearlyrabsse on the acid chain length.

Using this dependency for the interaction paramnseteLE predictions for seven fatty

acids in water will also be presented in this work.

Experimental Section

Water solubility measurements were carried in: geoic acid (SIGMA;2 99 %),
hexanoic acid (SIGMAZ 99.5 %), heptanoic acid (FLUKA, 99 %), octanoic acid
(SIGMA, 3 99 %), nonanoic acid (SIGMA, 99.5 %) and decanoic acid (SIGMA98
%), at temperatures from 288.15 to 323.15 K andatatospheric pressure. The
methodology used in this work, has previously bearcessfully used for other organic
compounds at our laboratéfy>. The acid and the water phases were initiallyaaeit
vigorously and allowed to reach equilibrium by gapian of both phases in 20 mL
glass vials for at least 48 h. This period provede¢ the time required to guarantee a
complete separation of the two phases and thaurbei variations in mole fraction
solubilities occurred.

The temperature was maintained by keeping the giass containing the phases in
equilibrium inside an aluminium block specially dgsed for this purpose, which is
placed in an isolated air bath capable of maintgitihe temperature withir 0.01 K).

The temperature control was achieved with a PIDperature controller driven by a
calibrated Pt100 (class 1/10) temperature sensarted in the aluminium block. In
order to reach temperatures below room temperagueilabo circulator, model F25-
HD, was coupled to the overall oven system allowtimg passage of a thermostatized
fluid flux around the aluminium block. The solubjliof water in the acid rich phase

was determined using a Metrohm 831 Karl Fischer) (€dulometer.
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The acid rich phase was sampled at each tempefabanehe equilibrium vials using
glass syringes kept dry and at the same temperafufee measurements. Samples of
0.1 to 0.2 g were injected directly into the KF lgonetric titrator.

For pentanoic, hexanoic and dodecanoic (SIGMA9 %) acids, measurements of
the phase envelope for the two phase region werdeng turbidimetry. Several
samples covering the entire concentration range wegpared. The mixture was heated
inside a closed glass tube in a thermostatic battouhe one phase region. On slowly
cooling, the phase separation temperature wasteegis The temperature assigned to
the phase envelope is an average of five measutemen

For heavier acids, melting temperatures are swpmfly higher, what therefore
prevents the measurements of solubilities in a &atpre range adequate to the

experimental techniques used in this work.

Model

The CPA equation of state can be described asuimedf two contributions: one
accounting for physical interactions, that in therent work is taken as the SRK EoS,
and another accounting for association, the Wartlesisociation terffi %’

1 ar

i Ting i
1-br  RT(1+br) r X))

fir ilA

where a is the energy paramete, the co-volume parameter, is the densityg a

Z=2 phys + Zassoc -

1
2

simplified hard-sphere radial distribution functjoX, the mole fraction of pure
component not bonded at site A anglis the mole fraction of componeint
The pure component energy parameter of CPA has aveSigpe temperature

dependency:

a(T)=a, [1+ 01(1- \/f)] 2 )

whereay andc; are regressed from pure component vapour pressurdiquid density

data.
Xai is related to the association strengfff between sites belonging to two different

molecules and is calculated by solving the follogveet of equations:
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.= ©)
L1+ x XgDM
J Bj
where
AB e"® AB
D™ =g(r) exp — -1y o™ 4)

whereé"® and#"® are the association energy and the associatiomeylrespectively.

The simplified radial distribution functiog(r) is given by :

alr)= T i.9h where h :%br (5)

For non-associating components, such as n-alk&iea, has three pure component
parametersap, ¢; andb) while for associating components like organiadadt has five
(a0, C1, b, € b). In both cases, these parameters are regressettasieously from pure

component experimental data. The objective funatieed is:

NP Pexp._ P_calc. 2 NP ,._exp._ /,_calc. 2
i i

I exp. I (6)

OF= L 1
i Piexp. i r

When CPA is extended to mixtures, the energy angtobame parameters of the
physical term are calculated by employing the catieeal van der Waals one-fluid

mixing rules:

b = X b, (8)
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For a binary mixture composed by a self-associatamgl a non-associating
compound, as for example water + n-alkane systd#radjinary interaction parametgr
is the only adjustable parameter.

For cross-associating systems, combining rulegHercross-association energy,
and cross-association volum@, (or the cross-association strengfh'®) are required.

Different sets of combining rules have been progdseseveral authors 253

. A + Bj _ A + B,
i) eh? :%, b"® :% (9) , which is referred as the CR-F%et

A 4B
i) e’*BJ:¥, b = JbAb%  (10) ,which is referred as the CR- %et

iy e =vehe®, b*® =p b (11) , which is referred as the CR- 3%et

iv) DY =Deph® (12) , whichreferred as the CR- 4 set

(or Elliot rule)*

CR-2 and CR-4 are the most commonly used. Onlyetkkesbining rules have been
found to be successful in previous applicatférié CR-2 provided very good results in
the modelling of the VLE of glycol + water systethghe LLE and VLE of water +
heavy alcohol systerffsand the LLE of the water + amine systémsn the other hand,
the CR-4 approach performed better in predictirg\WhE and SLE of water + small
alcohols systemi§ the VLE of small acids + water or small acidsleéohol system?,
the VLE of amine + alcohd systems and the SLE of the MEG + water systénhs
this work, the CR-2 and the CR-4 were evaluatetherbasis of their ability to describe
LLE and SLE of water and fatty acids binary mixsire
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For the estimation of thig parameter the objective function employed was:
NP calc. _ exp. 2
OF= X _“X° (13)

exp.
i Xi P

where single phase or both phase data can beestlectthe parameter optimization.

The association term depends on the number andfyggsociation sites. For water a
four-site (4C) association scheme was addfitemhd for acids the carboxylic group is
treated as a single association site (1A).

Carboxylic acids can form dimers in the vapor phasevell as dimers, trimers or
even oligomers in the liquid phase. Several prevorks with the CPA EoS or with
some variants of the SAFT EoS had already discudsethest association scheme for
organic acid¥?® Several association schemes were evaluated fibr the gas and
liquid phases (1A, 2B and 4C). It was showed thhaémvusing the CPA EOS, the 1A
scheme performs globally better than the two-&&) (model (VLE, LLE, second virial
coefficients and equilibrium constaffys Huang and Radosz using SAEBlso used
the one site model for carboxylic acids such asnior acetic and n-propanoic. The
same associating scheme for carboxylic acids (bf)aiso be found in the paper of Fu

and Sandléf. Therefore this association scheme was adopttsinvork.

Results and discussion

Experimental Results

The data for the water solubility in 6 fatty acidls,the temperature range 288.15 -
323.15 K, are listed ifTable 1 as well as their respective standard deviatiorsuRs
are presented at temperatures above the melting pbieach compound. The water
solubility results at each individual temperatunee an average of at least five

independent measurements.
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Table 1.Water Solubility in Fatty Acids by Karl Fisher Coahetry.

Pentanoic Acid Hexanoic Acid Heptanoic Acid Octanoic Acid Nonanoic Acid Decanoic Acid

TIK

(X 20t S?)

(X 20t 87

(Xh20t S

(X 20t S°)

(X 20t S°)

(Xh2ot s

288.15 0.4566 *+ 0.0006 0.252 + 0.001

298.15 0.4995 + 0.0006 0.284 + 0.002

303.15
308.15
313.15
318.15
323.15

0.508 + 0.004
0.536 + 0.003
0.547+ 0.006
0.562 £ 0.002
0.588 £ 0.005

0.307 + 0.003
0.338 + 0.003
0.342 £ 0.006
0.364+ 0.003
0.389+ 0.003

0.171 £ 0.001
293.15 0.4791 + 0.0008 0.268 + 0.003 0.1863 *+ 0.00030.136 + 0.002 0.1111 + 0.0004

0.196 £ 0.001  0.151+0.001 0.1209805

0.2132 + 0.0000.167 + 0.004
0.2470 + 0.0003.852 + 0.00060.1502 + 0.0003 0.123 + 0.002
0.199 84.00.1546 + 0.00070.138 + 0.005

0.240+ 0.002
0.265+ 0.005

0.210+4€.000.171 + 0.006

0.229+ 0.017

0.1008 * 0.0004

0.133 + 0.002

0.154 + 0.007
0.1686084

a- Standard Deviation

The experimental liquid-liquid phase envelopes foentanoic, hexanoic and

dodecanoic acids, obtained by turbidimetry, arsgméed inTable 2

Table 2. LLE data for pentanoic acid + water, hexanoic acidiater and dodecanoic

acid + water determined by turbidimetry.

X pentanoic Acid (T+s)K X Hexanoic Acid (Txs?)K X Dodecanoic Acid (Txs?)K
0.3025 352.13+£0.43 0.0091 425.04 + 0.57 0.1613 6.933+ 0.91
0.4019 323.33+£0.17 0.0190 439.31 £ 0.30 0.1770 4.634+ 0.01
0.4756 304.44 £ 0.04 0.0415 440.12 £ 0.22 0.1848 9.0%4+ 0.06
0.0452 385.49 + 0.03 0.0724 439.70 £ 0.21 0.2960 0.488+ 0.14
0.0693 385.62 + 0.03 0.1059 438.77 £ 0.122 0.3960 09.24 + 0.08
0.1426 382.87 £ 0.16 0.1498 435.96 + 0.14 0.5717 4.553+ 0.62
0.2787 358.22 + 0.08 0.2143 426.94 + 0.23 0.5141 4.8%+ 0.08
0.0202 380.27 £ 0.03 0.2965 410.61 + 0.37
0.0306 384.38 £ 0.08 0.4346 376.35 + 0.65
0.2113 372.91+£0.13 0.4952 357.49 £ 0.07

0.6108 327.15+0.34

a- Standard Deviation
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The results show that the water solubilities insesavith temperature and decrease
with chain length. The differences in water solipibetween consecutive chain length
acids also tend to become smaller as the chaithengreases.

Data concerning the water solubility in fatty acade scarce but can still be found for
the smaller pentanoic and hexanoic acids in theéeature range 293.15-343.158°K
The data measured in this work are in good agreemi the few and old available
literature data, as seenhigure 1, showing the ability of thexperimental methodology
used for measuring the water solubility in heasaieds.

The two experimental techniques used in this wodviped very similar results for the

water solubility.

Figure 1. Experimental water solubility from this work (fudymbols) and reported in
the literature (empty symbols), in pentanoic actitc(es), and in hexanoic acid

(triangles).
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Correlation of the CPA pure compound parameters

The organic acids studied in this work are all -ssBociating and so the five CPA
parameters must be estimated for each compound. Wés done by a simultaneous
regression of vapour pressure and saturated ligeitsity data, collected from the
DIPPR databas® covering the range of reduced temperatures fro#s-0.85, for
linear saturated carboxylic acids from 1 up to 26bons atoms and the unsaturated
oleic acid, an important natural product with 18bcen atoms and a double bound at
carbon 9, usually referred as 18:1. The reasomabili the application of DIPPR
correlations in a broad temperature range is questlie when actual experimental data
Is missing, and extrapolation was required in s@@ses, as can be seenTiable 3
where the reduced temperature ranges for whichremestal data for vapor pressures
and liquid densities are available from DIPPR aresented for the organic acids
studied. The results reportedTiable 4, show that it is possible with CPA to achieve an
excellent description of the experimental (coret vapour pressure and liquid
densities for all the studied acids, with globa¢i@ge deviations of about 2 % for both

properties.
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Table 3. Temperature limits for the experimental data amé in DIPPR® for vapor

pressures and liquid densities for the organicsasiddied.

P° g

n.° Carbons T, min T, max T, min T, max
1 0.45 0.75 0.47 0.96
2 0.46 1.00 0.46 1.00
3 0.46 0.99 0.38 1.01
4 0.47 1.00 0.44 1.01
5 0.46 0.89 0.36 0.83
6 0.43 0.81 0.41 0.84
7 0.44 0.77 0.40 0.52
8 0.52 0.78 0.42 0.83
9 0.42 0.79 0.41 0.50
10 0.55 0.79 0.42 0.77
11 0.42 0.80 0.40 0.48
12 0.51 0.81 0.39 0.63
13 0.54 0.81 0.39 0.56
14 0.43 0.84 0.38 0.75
15 0.42 0.83 0.38 0.55
16 0.43 0.84 0.37 0.73
17 0.42 0.84 0.37 0.52
18 0.43 0.99 0.36 0.71
18:01 0.37 1.00 0.37 0.58
19 0.63 0.86 0.36 0.42
20 0.44 0.86 0.35 0.45
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Table 4. Critical temperatures for acids, CPA pure compauparameters and average
absolute deviations of vapour pressure and liq@dsdies from the CPA Eo0S. The

“4C" association scheme is considered for waterfandcids the “1A” scheme.

AAD %

nCarbons T.(K)* ay(d.m’mol?) ¢ b 10 (m’mol?) e(d.mol?) b P

1 605.9 0.6749 0.5466 3.24 20724.7 3.06E-0D0.47 0.97
2 594 0.8312 0.7101 4.69 33709.5 3.96E-02.06 1.17
3 606.9 1.4631 0.7913 6.33 30121.7 6.38E-03.76 0.47

4 625 2.3128 0.8554 8.50 31665.2 6.44E-04..05 1.6
5 645.8 2.8564 0.917 9.77 30738.5 5.58E-DX7 4.66
6 660.4 3.41 1.0001 11.50 37909 1.31E-04.56 3.02

7 677.9 4.0657 1.0333 13.40 392245 1.21E-08.52 3
8 693.5 4.8206 1.0883 15.30 41221.2 4.23E-09.42 1.68
9 708.6 5.55 1.1414 17.30 38553.3 7.71E-08.51 2.47
10 721.7 5.9482 1.1927 18.80 40685.3 1.34E-04..06 1.38
11 734.9 6.8717 1.2423 20.70 39467.1 6.97E-052.3 2.85
12 746 7.4908 1.2904 22.40 44385.4 3.77E-02.75 1.87
13 761 8.1444 1.3447 24.10 44431 3.77E-08.77 2.22
14 763.7 9.097 1.3822 26.00 43772.2 3.14E-02.57 1.95
15 778.3 9.8006 1.4419 27.80 45888.3 1.54E-03.78 2.29
16 788.3 10.9279 1.4689 30.70 44729.7 2.54E-09.98 2.04
17 801.5 11.4163 1.5105 31.50 449439 1.60E-051.3 2.7
18 808.3 12.336 1.5597 33.70 44506.6 1.99E-02.88 2.16
18:01 781 11.7378 1.2303 32.90 55646.4 4.71E-04.84 3.05
19 817.7 13.2612 1.5921 35.90 43926.7 2.54E-03.81 2.83
20 830 14.1516 1.6348 38.20 41738.4 4.51E-08.54 2.93
Water® 647.29 0.1228 0.6736 1.45 16655 6.92E-021.72 0.82
Global AAD % 227 2.25

(%AAD =~ "aps SR CAIG 14
NP = exp
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Once again, as was observed previously for seVamnalies of other compounds (n-
alkanes, n-alcohols, n-FCs and estérdj the CPA pure component parameters for the

acid series also seem to follow a smooth trend thighcarbon number.

Having estimated the pure component parametersaast mossible to model binary
mixtures of water with several acids (pentanoiadatiexanoic acid, heptanoic acid,
octanoic acid, nonanoic acid and decanoic acidhodigh the solubility of these acids
in water was available in the literattftdetween 298.15 — 373.15 K, little information
was found for the water solubility on the aéfdsrompting the measurement of these

data in this work.

Correlation of the mutual solubilities

To obtain a good description of the mutual soltie#i of water and fatty acids the
fitting of the binary interaction parametky of Eq. 7 is required. Data from both the
organic and aqueous phases were used for the bimtargction parameter optimization.
Values for the binary interaction parameters ola@insing both combining rules under

study are presented Bable 5.

Table 5. CPA modelling results for the mutual solubilitieadabinary interactions

parameters.
CR-2 CR-4
AAD % AAD %
n. Carbons  k; acid rich phase water rich phase  k; acid rich phase water rich phase
5 -0.0903 39.01 10.4 -0.0951 56.17 9.19
6 -0.0833 11.87 4.24 -0.0894 42.40 4.67
7 -0.0918 21.14 2.70 -0.0987 29.51 2.08
8 -0.0967 40.49 2.38 -0.1033 24.78 2.63
9 -0.1151 84.39 6.93 -0.1217 11.14 8.11
10 -0.1333 78.5 8.83 -0.1430 9.05 3.88
AAD
Global % 45.90 5.92 28.84 5.09
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In order to improve the predictive character of @A EoS, linear correlations for
the k; values with the carbon number were previously psegd for alkanes + waf8r
and ester + waté& mixtures. For the heavier acids the trenfishe k; values with the
carbon number are also close to a linear tendexscgeen ifrigure 2. Thek; values for
the smaller acids are somewhat off the linear teagleparticularly for pentanoic acid.
Nevertheless, in order to increase the predictinaracter of the model, linear
correlations of thég with the chain length of the acid,Gor the two combining rules
evaluated, were proposed, and described by eqsatldn and (15) for CR-2 and CR-4,
respectively, in order to allow the applicability the model for heavier acids when
equilibria data are not available. The extrapotatd the linear correlation will further
be shown to be successful for the description &y facids + water systems from Qo
Cis.

k, =-0.0140 C, +0.0070 (14)

k; =-0.0142 C,+0.0020 (15)

Figure 2. k; trend with the acid carbon number ,(CR-2; , CR-4) and linear

correlations ¥4, CR-2;, CR-4).
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Results on the water rich phase are more depenalenthe binary interaction
parameter than the acid rich phase. Small varigtion the kj's values result in
significant deviations in the description of thetararich phase with almost no impact in
the acid rich phase. In fact, and for both assmriatombining rules, the values for the
ki’'s optimized using both phases follow the same deperyd as thek;'s evaluated
solely from the water rich phase. The results oleiindicate that it is possible to
predict the behaviour of the acid rich phase frdra binary interaction parameters
optimized using only data from the water rich phase

The estimatedk;’s are small, indicating that the CPA EoS is abléatee adequately
into account the cross-association interactions dbaur in water + fatty acid systems,
with any of the combining rules studied.

As shown inFigure 2, for the pentanoic acid + water system, Kyevalue was
considerably off the linear tendency observed lher ¢ther compounds, indicating that
different interactions may be present on this syst€his deviation of the pentanoic
acid from the behaviour of the other acids may be t a higher degree of dissociation
of the pentanoic acid in water, that the CPA Eo8sdaot take into account. This may
also be related to the unexpected behaviour ofnbitaacid. From the analysis of the
mutual solubilities of the higher acids, the phasgelopes of pentanoic and hexanoic
acids, and the CPA predictions using t#hecorrelations, it would be expected that
butanoic acid would only be partially miscible witltater at room temperature. Yet, full
miscibility of butanoic acid and water is observedler these conditions. The enhanced
solubility of the lower acids in water results froraw favourable interactions between

the two compounds, not fully represented by the@gghed used in this work.

Evaluation of the Combining rule

The two combining rules studied produce very défgrdescriptions of the acid rich
phase but have no impact on the water rich ph&®syisg very similar global average

deviations.
As shown inTable 5 the CR-2 combining rule produces better resultssfoaller

acids up to @ An increase in global average deviations with ¢hain length of the

acid is observed for the heavier compounds of dmdiogous series.
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The opposite behaviour was observed for the CRe} producing very good results
for the heavier acids. The CR-4 combining rule genls globally better than the CR-2
with the advantage of increasing the calculatioeesp With this combining rule, the
water solubility in acids is described with a glbheerage deviation below 30 %. The
acid solubility in water is estimated with a glolmlerage deviation below 6 %, as

reported inTable 5 Phase equilibria results for water + fatty agidtems are depicted
in Figures 3 and 4.

Figure 3. LLE for three water + acid systems. Experimentdligs for pentanoic acid
( , turbidimetry;A, Karl Fisher;-; literature data), for hexanoic acid, (turbidimetry;
, Karl Fisher; , literature data), for dodecanoic acid furbidimetry; , literature

data), and for oleic acid ( literature data), and CPA result¥: (CR-2; ", CR-4).
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Figure 4. Mutual solubilities for two water + acid systenisxperimental results for
water + octanoic acid (, aqueous phas®, acid phase), and for water + octanoic acid
(-, aqueous phase; acid phase) and CPA results using two differemblgining rules

(%, CR-2;", CR-4).

The results clearly indicate that the CPA-EoS pesia good description of the
phase equilibria for water-fatty acid binary sysserfihe proposed model and the linear
correlation for the binary interaction parameteas be used as a predictive tool to the
description of systems of interest in industriabqasses were organic and agueous
phases are present. For instance, for the olett+agvater system, for which LLE data
at higher temperatures and pressures were availabtbée literatur®. The CR-4
combining rule and thk; predicted through the linear correlation were ugesdseen in
Figure 3 very good results were obtained for the water stifylwvith a global average
deviation inferior to 6 %. The same prediction waade for the dodecanoic acid +
water system with global average deviations infelwaa22 % for the water solubility.
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Prediction of the solubility of solid fatty acids n water

Saturated fatty acids above decanoic acid are salilbom temperature and their
solubilities in water are solid — liquid equilibria

The CPA EoS has been previously applied to thergi¢i®n of the SLE of alcohol —
alkanes, glycol — water and alcohol — wétemixtures, but never to the SLE of fatty
acids and water systems. The purpose here is &stigate the predictive performance
of the CPA EoS with the interaction parameter datiens obtained from LLE data and
for each combining rule selected.

Equations to describe the SLE for binary systene \&ell established in the
literaturé™,

Considering the formation of a pure solid phase r@glecting the effect of pressure,
the solubility of a soluts can be calculated from the following generalizggdression

that relates the reference state fugacities:

f(T,P) _ DyHs DC, T T
n Sso,(T’ )= 1. el (16)
f TP R T T R T T

ms

where D (H is the enthalpy of fusiorT, is the absolute temperatui&, is the melting

temperature,DCp is the difference of the liquid and solid molaaheapacities an&

the gas constant.

The heat capacity contribution can be neglectet wspect to the enthalpic term, as
already observed for fatty acid systems in the wiookn Costa et & where the high
pressure solid-liquid equilibria of fatty acids wetadied. Complete immiscibility in the
solid phase and absence of a solid—complex phaseals® assumed.

The following expression for the solubility is cashered,

N DysHs 1 1
Xs=/.SL°eXp-—fR T (17)
/s

ms

where/ is the fugacity coefficient and subscript O refepure component.
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Few experimental SLE data are available in theditee and only for 7 fatty acids

(from Cp to Gig)*® *©
The values for the thermophysical properties neddeperform SLE calculations,

melting temperatureT(,) and heat of fusiotD;,H ), found in literature for the pure

compounds (from G to Cig)*® are presented a@ble 6.

These properties increase with the organic acidatanumber and a parity effect can
be observed due to differences in the moleculakipgof these compounds in the solid
state.

The CR-2 combining rule performed better than CRith global average deviations
of 51 % and 63 %, respectively, as seehable 6 andFigure 5.

Table 6.Values ofT,, andZh,, andCPA SLE modelling results.

CR-2 CR-4
n. Carbons Lhir(3.mol™) Tm(K) AAD %
12 36650 317.15 33.00 45.44
13 33729 314.65 28.51 47.81
14 45100 327.15 54.12 66.73
15 41520 325.68 30.05 48.62
16 54894 335.73 90.97 93.50
17 51342 334.25 55.13 66.53
18 61209 343.15 64.03 73.97
AAD Global % 50.83 63.23

Part of these deviations may be attributed to tve &ccuracy of the experimental
data available. However, very satisfactory SLE pmtezhs were achieved with the
proposed model and using a single interaction pat@ncorrelated from LLE data.
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Figure 5. SLE prediction for three water + acid systems. Expental values for
dodecanoic acid |, for tetradecanoic acid ] and for octadecanoic acid (), and CPA

results ¥, CR-2;, CR-4).

Conclusions

Water solubilities in six fatty acids and LLE phasgvelopes for three fatty acid +
water systems were determined, using respectivedyl-Kisher coulometry and
turbidimetry. The measured data are in good agreeméh previously available
measurements.

The CPA EoS was here extended to long chain calisoagids and their binary
aqueous mixtures. Two different combining rulesevested.

A single, small, temperature independent and cHaimgth dependent binary
interaction parameter was enough to describe thahsolubilities. A correlation for
the binary interaction parameters was proposed.

For small acids, from £to G;, the CR-2 combining rule produced somewhat better

results for the mutual solubilities, while the Btlicombining rule (CR-4) performed
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better for the heavier fatty acids up t@.GJsing the CPA EoS and the CR-4 combining
rule, global average deviations lower than 30 %ewadtained for the water solubility
and than 6% for the acid solubility.

Thek; correlation was successfully extrapolated to mélelLLE of the oleic acid +
water and dodecanoic + water systems and to presli€ of binary agueous mixtures
with fatty acids from & to Gg, supporting the use of a linear correlation wita acid
carbon number for the binary interaction parameters

The good results obtained for the different typégquilibria of water + fatty acid
mixtures and for the mutual solubilities of wateester binary systems encourage the
application of the CPA EoS for the design of extcacunits for fatty acid and biodiesel

production.

Notation

a = energy parameter in the physical term

a0, c1 = parameters for calculating a

Ai = site A in molecule i

b = co-volume

Cp = heat capacity

g = simplified hard-sphere radial distribution ftina
H = enthalpy

Kij = binary interaction parameter

P = vapor pressure

R = gas constant

S = solubility

T = temperature

X = mole fraction

XAi = fraction of molecule i not bonded at site A
Z = compressibility factor

Greek Symbols
b = association volume

e = association energy
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h = reduced fluid density
r = mole density

D = association strength
D = variation

S = vapour

g = activity coefficient

j = the fugacity coefficient

Subscripts
c = critical
fus = fusion

I,j = pure component indexes

lig. = liquid
m = melting
r = reduced

Superscripts
assoc .= association

phys.= physical

List of Abbreviations

AAD = average absolute deviation
CPA= cubic-plus-association

CR= combining rule

EoS= equation of state

LLE = liquid - liquid equilibria

VLE = vapor - liquid equilibria

SLE= solid - liquid equilibria

SAFT= statistical associating fluid theory
SRK= Soave-Redlich-Kwong
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Abstract

In a previous work we addressed the importancenofMing and describing the
water solubility in biodiesels, for producing higjuality biodiesel using the most
suitable feedstock and operating the processingtgplat the optimal conditions. The
lack of information on the water solubility in mgthinoleate limited the quality of the
results then reported. To overcome the identifiedithtions new water solubility
measurements were carried out for methyl linoleamtel four methylic biodiesels
synthetized at our laboratory from the main oild&teck currently used for biodiesel
production (soybean, palm, rapeseed and sunfloilgr o

The new experimental data presented here for thervealubility in methyl
linoleate allowed to obtain the information abobe tbinary system water/methyl
linoleate (specifically the binary interaction paeter,k;) to be used in the modelling
of multicomponent systems (biodiesels) with the CB#S. With this new interaction
parameter the new experimental water solubilitieported in this work for four
biodiesels were predicted with the CPA EoS withbgloaverage deviations inferior to
7%.

Keywords:Biodiesel, Methyl linoleate, CPA E0S, Water soliipjlPrediction
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1. Introduction

The large number of recent research works addmgesshme production,
characterization and use of biodiesel clearly destrate the increasing worldwide
importance of this biofuel. Offering the variousvadtages known to characterize
biofuels, sustainability, reduction of greenhousseg emissions, regional development
and secure supply [1], biodiesel is actually thesitmpromising alternative for
petroleum based fuels for compressed ignition @fje=ngines. Due to its similarity in
chemical structure and energy content with coneeali diesel, it can be used in
existing engines as pure or blended with regulesali[2]. In fact, biodiesel, a blend of
fatty acid alkyl esters, along with bioethanol.eally represents 1.6% of the transport
fuel used worldwide [3].

Although most research activities have been adugsdifferent methods to
produce biodiesel, involving new feedstock (suclt@sking waste oil and microalgae
oils [4]), novel catalysts (heterogeneous catalstl enzymes) [4] and process
conditions (supercritical [4]), the actual induaknvay to produce biodiesel consists on
the transesterification reaction of a vegetableatih an alcohol (usually methanol [5]
or ethanol in countries where this alcohol is gagiioduced and available [6]) with a
basic catalyst, using mild operation conditionse Pinoduced fatty acid esters cannot be
labeled as biodiesel until they meet the EN 1427]4qpality specifications in Europe
,and the ASTM D6751 in the USA. As a consequentier dhe transesterification
reaction, the fatty acid methyl esters undergo rsé\irification processes in order not
to overcome the minimum contents in free glycesolap, metals, alcohol, free fatty
acids, catalyst, water and glyceride establishedthwy European and American
standards. A high presence of these compound®ibitdiesel strongly affects the fuel
properties and performance and consequently thaeetite.

One of these purification steps is the fatty adtees washing with hot water. This
is the most common method of purification as itefficient in removing methanol
glycerol, sodium compounds, free fatty acid esheid soaps [8].

However, one of the requirements of the EuropeahAanerican quality standards
Is the biodiesel water content, since water afféetscalorific value of the biodiesel, can

cause the esters to react to produce soaps andacae blocking and wearing of the
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engine injection system. Water in biodiesel alsmidishes the shelf life of the fuel,
since it decreases the biodiesel oxidation stglalitd promotes biological growth [[9,
10]]. Consequently, after being washed with watee, fatty acid esters are dried in
order to produce biodiesel with a water contentowarcoming the maximum value of
0.05% (w/w) imposed in Europe by the EN 14214.

In the last few years, our research group has hddressing the measurement of
phase equilibria and the development of thermodynanodels for the description of
biodiesel production and purification processes-1IL Being able to predict the
different phase equilibria of the binary and mutigponent systems found during the
biodiesel production and purification, in a widega of thermodynamic conditions, is
essential for a correct design and optimizatiotheke industrial processes, through the
correct selection of suitable solvents, the mostaathgeous unit operations and
separation sequence and their optimal size anchtipgrconditions.

Two of these studies were focused on the measutesnenprediction of the water
solubility in pure fatty acid alkyl esters and hegkls [15, 17]. Knowing the water
solubility in biodiesels is essential for the biesil production and purification
processes, allowing tuning the more favorable ratenmals and correctly designing and
optimizing the biodiesel washing and drying uniisarder to produce high quality
biodiesel in agreement with the European and Araarguality specifications.

While assessing the poor performance of commondgd ukermodynamic models,
namely cubic equations of state and activity coedfit models, to describe the water
solubility in fatty acid esters and their mixtufd$] , the authors also developed and
applied a more theoretical sound model, the Cuhis-Rssociation equation of state
(CPA EO0S), that explicitly describes the specifiteractions between like molecules (in
this case water) and unlike molecules (cross-aagouj in this case between esters and
water). In an accurate, predictive and simple whis model proved to be the most
appropriate to describe the water solubility indesels [15, 17].

Following these studies, in this work, new expentaé water solubility
measurements were carried out for methyl linoleete four biodiesels synthetized at
our laboratory from edible oils commonly used fooqucing biodiesel [4]: rapeseed,
soybean, palm and sunflower, and the CPA EoS waliedpto predict these new

experimental data.
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As the CPA EoS prediction of the water solubilitybiodiesels is performed using
interaction parameters obtained from binary phagelibria data, it was possible, using
the new data for methyl linoleate, to evaluate dbetribution of this binary system to
the improvement of the model prediction capability the water solubility in
biodiesels, by reassessing the results presentedebir the water solubility in six
commercial biodiesels [17].

2. Experimental Section

Materials

The water solubility was measured in the biodiesgysthesized by the
transesterification reaction with methanol of tlegetable oils: soybean, rapeseed, palm
and sunflower. The molar ratio of oil/methanol useds 1.5 using 0.5% sodium
hydroxide by weight of oil as a catalyst. The reacivas performed at 55 °C during 24
h under methanol reflux. The reaction time choses adopted for convenience and to
guarantee a complete reaction conversion. Raw giyeeas removed in two steps, the
first after 3h reaction and then after 24h reactioma separating funnel. Biodiesel was
purified through washing with hot distillated watentil a neutral pH was achieved. The
biodiesel was then dried until the EN ISO 14214tliior water was reached [7].

Biodiesels were characterized by GC-FID followinige t British Standard
EN14103 from EN 14214 [7] to know their methyl esteomposition. Capillary gas
chromatography was used to determine the methgr estmposition of the biodiesel
samples. A Varian CP-3800 with a flame ionizati@tedtor in a split injection system
with a Select™ Biodiesel for FAME Column, (30 m 82 mm x 0.25 m), was used to
differentiate all methyl esters in analysis incikety the poli-unsaturated ones. The
column temperature was set at 120°C and then progea to increase up to 250 °C, at
4 °C/min. Detector and injector were set at 250 carrier gas was helium with a
flow rate of 2 mL/min.

The water solubility was also measured in metmgdlgate (Aldrich, 99%).
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Experimental Procedure

The water solubility measurements were carriedabtiemperatures from 288.15 to
318.15 K and at atmospheric pressure. The methgdalsed in this work, has already
been successfully used for measuring the watebsityuin fatty acid esters, biodiesels
[17] and fatty acids [12]. The ester and the wgtbases were initially agitated
vigorously and allowed to reach the saturation ld@quum by the separation of both
phases in 20 mL glass vials for at least 48 h. pkrsod proved to be the minimum time
required to guarantee a complete separation oftwlee phases and that no further
variations in mole fraction solubilities occurred.

The temperature was maintained by keeping the giass containing the phases
in equilibrium inside an aluminium block speciatlgsigned for this purpose, which is
placed in an isolated air bath capable of maingitihe temperature withir@.01 K).

The temperature control was achieved with a PIDperature controller driven by
a calibrated Pt100 (class 1/10) temperature senserted in the aluminium block. In
order to reach temperatures below room temperagueilabo circulator, model F25-
HD, was coupled to the overall oven system allowtimg passage of a thermostatized
fluid flux around the aluminium block. The solubyliof water in the ester rich phase
was determined using a Metrohm 831 Karl Fischer) (€dulometer.

The esters rich phase was sampled at each temqefadm the equilibrium vials
using glass syringes maintained dry and at the damperature of the measurements.
Samples of 0.1 to 0.2 g were taken and injectezttir into the KF coulometric titrator.

The water solubility results at each individual perature are an average of at

least five independent measurements.

3. Model

The Cubic-Plus-Association equation of state (CP@SEhas been extensively
described in the literature and no further details be explained in this work. For

further information please see related works [1B-20
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4. Results and discussion
Table 1reports the methyl ester composition of the fountisesized biodiesels. The

methyl esters are presented as CX or as CX:Y weietie acid chain carbon number

and Y is the number of double bonds in the fatig abain.

Table 1.Compositions of the biodiesels studied, in massqrgage.

methyl ester soybean rapeseed palm sunflower

C10 0.01 0.03

C12 0.04 0.24 0.02
Cl14 0.07 0.07 0.57 0.07
C16 10.76 5.22 42.45 6.40
Ci16:1 0.07 0.20 0.13 0.09
Ci18 3.94 1.62 4.02 4.22
ci18:1 22.96 62.11 41.92 23.90
C18:2 53.53 21.07 9.80 64.16
C18:3 7.02 6.95 0.09 0.12
C20 0.38 0.60 0.36 0.03
C20:1 0.23 1.35 0.15 0.15
Cc22 0.80 0.35 0.09 0.76
C22:1 0.24 0.19 0.00 0.08
C24 0.22 0.15

The water solubility results in soybean, rapespatin and sunflower biodiesels and
in methyl linoleate, in the temperature range 28&818.15 K are listed iffable 2, as

well as their respective standard deviations.
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Table 2. Experimental results, in molar fractions, for thater solubility in biodiesels

and in methyl linoleate.

TIK (Xm0 = %)

rapeseed biodiesel

303.15 0.0303 £ 0.0030

308.15 0.0330 £ 0.0005

313.15 0.0365 + 0.0002

318.15 0.040 £ 0.001
soybean biodiesel

303.15 0.0284 + 0.0002

308.15 0.0313 £ 0.0005

313.15 0.0351 + 0.0005

318.15 0.0402 £ 0.0003

palm biodiesel

298.15 0.022 + 0.003
303.15 0.0246 + 0.0005
308.15 0.0273 £0.0005
313.15 0.030 + 0.008
318.15 0.0322 + 0.0007

sunflower biodiesel

298.15 0.024 + 0.002

303.15 0.0317 + 0.0009
308.15 0.0345 £ 0.0002
313.15 0.0369 + 0.0002
318.15 0.0397 + 0.0006

methyl linoleate

303.15 0.0277 + 0.0001
308.15 0.0333 + 0.0007
313.15 0.037 £ 0.001

318.15 0.0420 £ 0.0007

2Standard deviation

The values presented for the water solubility ie thodiesels and in methyl
linoleate are in agreement with the results preslyppresented [17]. As expected, since
the water solubility in fatty acid esters increasgth the ester insaturation [17], palm
biodiesel presents the lowest water solubilityagmeement with its higher content in the

saturated ester methyl palmitate. The other bietsepresent quite similar water
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solubility values, as expected due to their analsgiatty acid ester composition, with
the sunflower biodiesel presenting the highest mst&ibility.

As explained at the introduction section, we haxevipusly applied the CPA EoS
to describe the water solubility in fatty acid estand to predict it in biodiesels [17].
The information gathered in that work will be agplihere, as subsequently shown, to

predict the experimental results.

Modeling with the CPA EoS starts with the definitiof the CPA pure compounds
parameters. Esters are non-self-associating conasoaimd consequently there are only
three pure compound parameters from the physioal te be determinedy, c; andb.
These parameters are usually determined from altsin@ous regression of vapour
pressure and liquid density data. In a previouskwid7] these parameters were
estimated for the methyl esterssG Cis.o, Cis:1, Cis:2, Which are the major components
of commercial biodiesels . Due to the lack of fgkaliquid density data for the

unsaturated esters at the time, preference was givine vapour pressure description.

Recently, using density data for several fatty agsters and biodiesels [21, 22],
measured by us, it was possible to re-estimat€&#w pure compound parameters for
all the fatty acid methyl esters found in the bes#il samples considered in this work,
compounds ranging from 15 to 25 carbon atoms atid wyg to three unsaturated bonds
(Table 3), by a simultaneous regression of pure componata. d&/apor pressures and

liquid densities were described with global averdgeiations inferior to 2 %T@ble 3).
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Table 3. Fatty acid methyl esters critical temperatures aatexgb from the Wilson and
Jasperson group contribution method for saturatethyhesters and from the Ambrose
method for unsaturated methyl esters, CPA pure oomgb parameters and modeling
results [23].

AAD %
Methyl ester Tc(K) ap(J.m>.mol?) G b10* (mmol™y P

C12 710.41 6.7139 1.5340 2.3010 0.830.60
C14:0 740.97 8.0272 1.6089 2.6361 0.450.52
C16 765.92 7.4198 2.2873  2.9749 1.46 0.62
C16:1 749.63 9.2554 1.7805 2.9564 2.381.21
C18 788.63 10.1303  1.9196 3.3111 0.39 0.68
C18:1 772.34 10.5075  1.8212 3.2485 0.810.74
C18:2 786.37 8.9943 2.1597 3.1714 1.37 0.66
C18:3 797.26 8.6712 2.1722  3.0949 1.181.03
C20 803.28 13.4696  1.6123 3.7121 0.780.85
C20:1 786.99 12.5293  1.7143 3.5792 5.98 1.22
c22 817.47 16.2713  1.4963  4.0503 0.340.71
c22:1 801.18 15.3112  1.5933 3.9168 4.731.86
C24 830.41 19.3150  1.4045 4.3953 0.130.65
“global AAD % 1.60 0.87

AAD

globalAAD % = ~100

S

whereNs is the number of data points studied.

Having the CPA pure compound parameters it was plossible to predict the water
solubility in the ester multicomponent systems oder®d here. Thi;'s for ester/ester
were set to zero and, as already stated abovepthation phenomena between the non-
self-associating ester and the self-associatingewatas considered as a cross-

association within the framework of the CPA EoSewhthe cross-association energy
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(ij) was considered to be half the value of the aaioai energy for the self-associating
component (in this case water) and the cross-assmtivolume £;) was left as an
adjustable parameter, fitted to the equilibriumadglbng with the;.

When describing the water solubility in differemittly acid esters [17], a constant
value for the cross-association volunag, was established (of 0.201), as well as a linear
correlation for calculating thij’'s between esters and water was found with thenchai

length of the ester,

kj=0.0136 G,— 0.3322 (1)

This correlation, and the constant value for thessrassociation volume, allowed
predicting the water solubility in six commerciabtiiesels from GALP, with global
average deviations inferior to 15% [17]. Only févetk; between water and methyl
oleate it was used the regressed value from ph@sébeia data since it did not fit in
the linear dependency with the carbon number detexsnfor the saturated methyl
esters. In addition, as phase equilibria dataHentater/methyl linoleate system wasn’t
available at that time, thg value for this sub-binary system was made equtidmne
established for the water/methyl oleate system.

In this work, having measured the water solubility methyl linoleate, the
correspondingd; interaction parameter was determined, using theeseonstant value
for the cross-association volume referred beforek; Avalue of -0.13 was obtained,
describing the water solubility with global averadgviations inferior to 3%T(able 4

andFigure 1).
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Figure 1Water solubility in methyl linoleate: symbols exipeental results and sol
line CPA EOoS resultk({ =-0.130).

The experimental water solubility in ttrsoybean, rapeseed, palm asunflower
biodiesels were then predicted using the recensiyessed CPA pure compot
parameters for esters and the previously proposedrl correlation to estimate t
interaction parameters between the different seddrafatty acid methyl este
congituting the biodiesels and water, with global ags deviations inferior to 7 % f
these four biodiesels.Téble 4). For the binary subystems containing water a
methyl oleate and linoleate the interaction patamealues regressed from phi
equilibria data were used (from an earlier work for ngeteate[17] (k;= — 0.100) and
from the present study for methyl linoleakj= —0.130)), as they didn't fit in the line
correlation proposed for saturd methyl esters. For methyl linolenate, the unsadal
fatty ester in less percentage in the selectedidésets, the samk; value used for
methyl linoleate was applie

Prediction results are depictedFigure 2 for the palm and soybean biodies

The strength of the solvation phenomena betweearaaid esters is clearly show
by the relatively high values of the binary intdi@ac parameters needed. In fact,
previously showed[17], the model must explicitly take into accourtet cros-
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associdon between esters and water, since without @ calculated water solubilitie

are much lowethan the experimental valu

Figure 2Water solubility in palm biodiese , experimental results; solid line Cf
EoS results), and in soybean biodie: , experimental results; dashed line CPA |

results).

These set of pure and binary parameters were pfsed in this work to predict tk
water solubility in the GALP biodiesels addressesl/pusly (Biodiesel A to F iiTable
4). The global average ddations for the water solubility in these 6 biodis:
previously estimated to be 15 {17]] were reduced in this work to 11 % (biodiesel
to F inTable 4). It must be pointed out that the improvement loeseresults is mainly
due to the use of a regresk; value for the binary subystem water/methyl linoleat
instead of using the same value obtained for ththyh@leate/water si-system as
previously done [[17] and not as much due to the use of new CPA panmgpounc
parameters for esters, since it was verified theg tegressed binary interacti
parameters obtained are quite independent of the [ilife compound parameters u:
for esters, leading to the me global average deviations for the water soliybil
biodiesels obtained before if no speck; value is used for the water/methyl linole

sub-system.
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This demonstrates the importance that the rightrgesn of unsaturated ester
systems can have on the modeling of the water Bityulb biodiesels.

Table 4. Deviations in the mole fraction water solubilitypin CPA (the first column
represents deviations using the recently assessgd pompounds and binary
parameters and the second column previous resoitsreference [17]).

Former results [17]

Compound AAD % AAD %
methyl linolenate 3.4
rapeseed biodiesel 10.5
soybean biodiesel 3.9
palm biodiesel 6.3
sunflower biodiesel 9.4
Global AAD % 6.7
Biodiesel A 11.0 18.6
Biodiesel B 11.9 15.8
Biodiesel C 15.4 18.4
Biodiesel D 11.4 13.3
Biodiesel E 12.5 16.9
Biodiesel F 5.3 9.8
Global AAD % 11.3 15.5
globalAAD % = AAD. 100

S

whereNsis the number of data points studied.
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5. Conclusions

Biodiesel is seen as one of the most importantratares to conventional fuels
since its use can solve the range of environmeetainomic and political problems
related to the use of conventional petroleum baseld.

The water content in biodiesel have significanteet$ on the fuel quality and
performance and so the ability to predict this proyp is essential for dimensioning
biodiesel production and purification processes aptimizing their operation within
product specifications.

Here new experimental measurements were performethé water solubility in
methyl linoleate and four methylic biodiesels switbed from oils constituting the
principal feedstock currently used for biodiesaldarction.

The water solubility in the soybean, palm, rapesaed sunflower biodiesels was
predicted with the CPA EoS with global average dgwons inferior to 7%.
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List of symbols
a = energy parameter in the physical term
ap, ¢ = parameters for calculatireg
A = siteA in molecule
b = co-volume

g = radial distribution function
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kj= binary interaction parameters

P = vapor pressure

R = gas constant

T = temperature

x = mole fraction

Xa = fraction of molecule not bonded at she

Z = compressibility factor

Greek Symbols
b = association volume
e= association energy
h =reduced fluid density
r = mole density

= association strength

Subscripts
I,j = pure component indexes
lig. = liquid
r = reduced
Superscripts
assoc= association

phys.= physical

List of Abbreviations
AAD = average absolute deviation
CPA = cubic-plus-association
EoS = equation of state
SRK = Soave-Redlich-Kwong
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Section 2
Enzymatic
Synthesis of

Biodiesel






My direct contribution for Published Paper

This Session presents a paper related to enzymadttuction of biodiesel from
FFA with methanol and ethanol. The yield of bothateons was evaluated by Response
Surface Methodology with an experimental desigrhive levels. Where molar ratio
acid / alcohol, enzyme quantity were studied. Othariables as time of reaction,
temperature and pressure were also evaluated.

Experimental work was carried in collaboration wilharise Afonso, Ricardo
Gomes and Rui Queiros, related to those MsC Thaesisfinal graduation project for

last both.
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Abstract

Free Fatty Acids (FFA) are a by-product in edibleefining, that are removed in the
deodorizing step on oil purification. The deodoati@a is carried not just in edible oils
but also in some cases before alkaline catalysibiadiesel production. Enzymatic
catalysis is here studied as an alternative to exrhkis by-product into biodiesel.

As the oleic acid is one of the main componentsveied in the deodorization step it
was used in this work as model. The optimal estatibn conditions of oleic acid with
methanol and ethanol were evaluated by their infleein reaction yield. An
experimental design®avas followed to study the influence of the dependeriables
in percentage of conversion, namely the alcoh&it@cid molar ratio (R) and enzyme
concentration (E).

The optimal conditions obtained were R=6.3 and B%6.for methanol (100%
conversion), and R=4.9 and E=5.7% for ethanol @b0% conversion).

The influence of temperature on the reaction was atudied, in a range between 30
and 60 °C for methanol, and between 30 and 70 P@tfeanol; with a molar ratio of 6
and an enzyme concentration of 2%. It was found tha conversion increases
monotonously with increasing temperature for ethaRor methanol, the conversion
has a maximum at 50 ° C and then decreases.

Another investigated variable was the pressurbemtethanol esterification reaction,
at constant temperature of 40°C, in the same donditas temperature study, and was
observed that the yield increases 38% just witb&0of nitrogen in the vessel.

The same enzyme was shown to the reusable up ton#8 in the esterification of
oleic acid with ethanol, without significant loskemzyme activity.

KEYWORDS: Enzymatic Catalyze, Esterification, Biodieselgi®lAcid, Novozyme
435.
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INTRODUCTION

The energy used nowadays comes mostly from fogslkflike coal, natural gas or
oil. The fact that the reserves of fossil fuels fanée and the environmental problems
associated with their use need a change in miradsgthe use of alternative forms of
energy production?

In these scenario vegetable oils, become morecattea because of their renewable
nature and environmental benefits. However, vedetals have some disadvantages to
be used as a combustiBl&First of all, the direct use in internal combustiengines is
problematic. Due to their high viscosity (about B-imes greater than diesel fu2&ind
low volatility, they do not burn completely and fiordeposits in the fuel injectors of
diesel engin8.An improvement on viscosity can be obtained witinsesterification,
which seems to be the process that assures be#s resterms of lowering viscosity
and improving other characteristicg.

The final product of a transesterifcation reactunvegetal oil, with an alcohol in a
presence of a catalyst, is a mixture of alkyl estkat is known as biodiesel. It is highly
biodegradable in fresh water as well as in $dilrthermore, the use of biodiesel in
diesel engines reduces the emissions of hydrocaybmarbon monoxide, particulate
matter and sulphur dioxide>!* Biodiesel is said to be carbon neutral, it meguas
CO; produced from their combustion is being put batk the atmosphere, as recently
has been removed from there by photosynthesis gliuha growth of the feedstock
crops.

The transesterification process, used in biodigsetluction, can be carried out in
different ways such as alkali, acid or bio-cataysDf all these methods, the alkali
process is the most used in industrial scale bptasents problems of separation of
catalyst and unreacted methanol from biodi&4elBiocatalysis eliminates these
disadvantages producing biodiesel with a very hmlrity. Nevertheless enzyme
catalyzed process offers several additional bestefit

-compatibility with variations in quality of thewathe raw materials,

-few process steps,

-higher quality glycerol,

-improved phase separation (no emulsification femaps)

-reduce energy consumption and wastewater volumes.
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However, the enzymatic process has not been implgden an industrial scale due
to enzymes high cost, lipase low activity or enzynfebition by methanot**°

The raw material costs and limited availabilityrafv vegetable oil are being recently
critical issues for the biodiesel productiSriTherefore, it has been necessary to look for
another raw material to produce biodiesel. Acid oil raw materials with high levels of
available free fatty acids could be an alternatinghese cases the alkaline catalysis has
serious limitations, and the enzymatic productibbiodiesel is a good alternative.

In this work the performance of lipase Novozym® A@&s tested as a biocatalyst in
the enzymatic esterification reaction of oleic asith an alcohol, to produce biodiesel
in a solvent-free system, shown in Figure 1. It \abs® tested the effect of reactions
factors, as enzyme quantity and alcohol / oil moddio. Another studied variable was

pressure of an inert gas in the vessel reaction.

O
catalyst
H33C17‘/< + ROH é H33cl7% + HyO R=CH3 ou CH,CHj
OH OR
oleic acid alcohol alkyl ester water
(Biodiesel)

Figure 1 - Esterification reaction of oleic acid with an alobh

The process of biodiesel production was optimizgdjtplication of the experimental
design and Response Surface Methodology (RSM).gUairfactorial planning with
three levels, the influence of temperature, enzgihedtio and methanol/oil ratio was
studied, as well as their interaction. After bewggified that the temperature had no
statistical significance, on the studied rangeew design factorial Avas defined. In
order to improve the response surface another wesas defined on the region with
higher conversions, central composife Phe tested variables were methanol/oleic acid
molar ratio and enzyme concentration.

The reaction effects were studied to indicate thst Istoichiometry conditions to
perform the esterification reaction with Novozym543 he temperature was studied
later on a larger range of values under fixed diors of alcohol/oleic acid molar ratio
and enzyme concentration. To study the reuse oiimh#obilized enzymes was carried

out a set of ten consecutive tests of three haurgdch alcohol. In order to evaluate
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pressure influence on esterification reaction, alda pressures of an inert gas were

added in the beginning of the reaction, and thextuated its effect on the yield.

MATERIALS AND METHODS

Materials. Novozym 435, a commercial Lipase B frof@andida antartia¢
immobilized on macroporous acrylic resin was used aatalyst in the esterification
reaction of oleic acid. It was a kind gift of Nowozes to perform this work.

Oleic acid (90.0% m/m) was supplied by Aldrich. Ktol and Ethanol (99.9%
m/m) was purchased from Lab-scan, and all othematads used were obtained

commercially and were of analytical grade.

Esterification process.The enzymatic esterification reactions were carpatin a
closed vase containing oleic acid, the enzyme dowmhal. All reagents and catalyst
were weighted in a five digits balance. The reacti@s carried out in an orbital stirrer
with controlled temperature and stirring. After tleaction two samples were collected
from the bottom of the final product. Finally thansples were dried passing through
anhydrous sodium sulfate. Variables that couldcaffee yield, like total volume of
vase, and total volume of reagents, were maintatoedtant in each experiment.

The work was performed in several steps, a previiugdy was made to define
reaction time in order to keep it constant thouljlexperiments, then the influence in

the yield of reaction factors, and at last tempeeand pressure effects were studied.

Sample derivatization. Before gas chromatography analysis, samples wigtatsd
as follows”: approximately 301L of each dried sample was dissolved in 1@0of
pyridine. At this point compounds containing carlayroups were converted into TMS
esters, by adding 100L of bis(trimethylsilyl)trifluoro-acetamide (BSTFAand 50 L
of trimethylchlorosilane, and keeping at 70°C fOrr8in. Then the derivatized samples

were analyzed by gas chromatography.

Analysis of methyl esters.The methyl ester contents were quantified using a
capillary gas chromatography. Each sylilated sampias injected into a gas
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chromatographer with a flame ionization detectoarfgh 3800 GC-FID) in a split
injection system with the ratio of 1:20. On anadyai DB1-ht column (length: 15 m,
internal diameter: 0.32 mm and film thickness: 6rh) coated with 0.1rtm film of
dimethylpolysiloxane was used. The column tempegatas set at 100 °C and then
programmed to increase up to 200 °C, at 8 °C/mih aifinal landing of 5 min holding
the temperature. Detector and injector temperatwe® set at 220 °C and 250 °C,
respectively. The carrier gas was Helium with avflate of 2 mL/min.

Yield quantification. The percentage of conversion (alkyl esters formau)the
reaction was quantified by comparison between teasafrom the peaks of alkyl esters
and oleic acid on the chromatogram according toakgn 1 , where A is the area of
the peak of alkyl ester and,As the area of the peak of oleic acid.

r
— ¢ uw (1)
I sn I ks

jkimnopqkl

Software. All statistical analysis were made using Statist&@ from Statsoft©
(ANOVA and pareto chart), Matlab R2009b from The tM&orksTM (response
surface and contour plot) and Microsoft Office Hx2807 from Microsoft©. The

confidence level used was 90%.

RESULTS AND DISCUSSION

Study of reaction time. An initial study of the conversion over time wasade in
order to define a reaction time that could be ukedgh all experiments. Esterification
reaction of oleic acid with methanol was followedridg 24 hours (Figure 212). The
alcohol/oleic acid molar ratio was 6 and the enzyooacentration was 2%. The
agitation used was 150 rpm with a temperature o?@OAIll variables were selected
based on available literaturg:?! This reaction was repeated using ethanol, withlaim
results.

To evaluate the influence of variable in the yighddee hours of reaction time was

chosen and was used in all experiments.
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Figure 212: Logarithmic trend line for thtime study using-(-blue) methanol or—
red) ethanol. Reaction Conditions: 2% Novozym435 RI0°C, 150 rp..

Effect of temperature, enzyme/oil ratio ancmethanol/oil ratio

For the enzymatic esterification of oleic acidth methanol three parameters w
tested: methanol/oleic acid molar ri (R), enzyme concentration (E) and tempera
(T). A central composite design®, with six replications of the central point waeds
The conditions were defined for zero levelntral point) and one level (+1 ar-1, the
factorial points), and the design was extendedutilt682, the axial poin

The data obtained were fitted to the following setorder polynomial equatic
w E E! E! E ! E ! E !'! (2)

where Y is the dependent variable (conversion ina®gbo, by, b, k11, o, and k>
are the regression coefficients for the interckpéar, quadratic and interaction terr
respectively! and! arethe independent variabl&s? 23

The conditions that define each levof the experimental design adopted for

enzymatic esterification of oleic acid with methbare represented (Tablel.
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Table 1: Level of variables for central composite design 2

Levels
Variables -1.68 -1 0 +1 +1.68
R 5 7.03 10 12.97 15
E 1 1.81 3 4.19 5
T 35 37.03 40 42.97 45

To carry a statistical analysis with the experimknesults of each experimental
design a second order mathematical model was gedevehere, not only the linear
effects for each variable, but also the quadrdfects and the interaction between each
variable were considered. Were considered as sgnif parameters those with p under
10% (p<0.1), due to the large variability inherenbioprocesses.

For the central composite desightBe second order mathematical model derived can

be described by the following equation:

Yield = -5.989+1.078E+0.191T+.283R-0.018ET-0.002ER97TR 2)
-0.032E-0.001TF-0.003R

On the Pareto chart shown on Figure are repredeheeeffects considered for the
reaction. The height of the bars shows the absohitee oft calculated and the bars are
arranged in descending order of significance. Tégical line gives the tabulated
(t10, 0.1/2 =1.81) from which the effects are consdesignificant for a confidence
level of 90%. The parameters with no statisticgngicance are incorporated to
residuals on ANOVA analysis (Table 2).

In agreement with Figure 3 enzyme concentratidghesmost significant variable. The
effects that show statistical significance (p<0.80¢ the enzyme concentration (E),
methanol/oleic acid molar ratio (R), enzyme concdidn-temperature interaction
(ExT), temperature-methanol/oleic acid molar ratiteraction (TxR) and quadratic
enzyme concentration {E

The proposed method has a very good coefficientetérmination (R=0.971) and F
calculated is highly significant (p=0.000002), a@ncbe seen on Table 2, which
demonstrates a good adjustment of the model texperimental values.
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The statistical analysief this procedure is not detailed as the followsigce the

experimental design was redefined excluding thepgzatur: variable.

.
-

0 1 2 3 4 5

Figure 3: Pareto chart for the effects on conversion rateferification with methan:

for experimental design with 3 variabl

Table 2: ANOVA table for central composite desig® for esterification with methan

Source SS DF MS Fcalc p
Regression | 1.154 9 0.128
Residuals 0.035 10 0.004

Total 1.189 19

36.63 0.00000:

The statistical analysis of the experimental datattie central composite desig®
showed that the temperature had no statisticalifignce for the range of valu
studied. A new experimental design was definedushoh the temperature, this tir
with only two variables: methanol/oleic acid motatic (R) and enzyme concentrati
(E). The temperature was kept a °C in all experiments.

Effect of enzyme/oil ratio andmethanol/oil ratio
Two different designs of experiments were defirféicst, a factorial design® (Table

3) was used and thencentral composite desig? (Table 4 was defined on the regic

with the conditions of higher conversion valuese Him of this procedure was to obt
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a good response surface that would allow us to fire optimal conditions of the

reaction.

Table 3: Levels of variables for factorial desighfar methanol.

Levels
Variables -1 1
R 0.5 10
E 1 5

Table 4: Levels of variables for central composite desigfo2 methanol.

Levels
Variables -1.414 -1 0 1 1.414
R 0.78 15 3.25 5 5.72
E 2.59 3 4 5 541

For the statistical analysis the experimental v&lobktained from both experimental
designs of two variables, factorial and central posite design were considered. Based
on these results it was possible to create a semat®t mathematical model for studied

parameters and their interaction, represented omatitm 3.

Yield = 0.353+0.141R+0.0933E-0.0192R.0153RE-0.0143E (3)

By the analysis of the Pareto chart and the tabtegression coefficients (Figure 4),
it can be seen that that the most significant &fqe<0.1) are methanol/oleic acid molar
ratio (R), quadratic methanol/oleic acid molaradf¥) and methanol/oleic acid molar
ratio-enzyme concentration interaction (RXE). Thesmsignificant variable is the

quadratic methanol/oleic acid molar raticfR
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Figure 4: Pareto chart for the effects on conversion rateefqrerimental designs of

variables of esterification with methar

The proposed method has a good coefficient of detation (F°=0.841) and by th
analysis of variance on ANOVA table it can be obedrthatF calculated is muc
larger thanF tabulated (F ! 7; 0.1=2.88). Those results indicate a good agree
between the experimental values and the predicyethé® model as can seen on
Table 5.

Table 5: ANOVA table for experimental designs of 2 variabtdsesterification witl

methanol.
Source SS DF MS F P
Regression| 1.036 5 0.207
15.533 0.0000°
Residuals | 0.160 12 0.0133
Total 1.196 17

Based on the response sur, and contour plot represented leigure 5and Figure 6,
the conditions that result on a higher conversibmethyl esters cabe identifiec. It is
possible to observe that the area with higher csnwe (>80%) lies between a mo

ratio of 4 and 9 and an enzyme concentration betwemnc9%.
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The response surface and contour plot indicate ttiatreaction is favored by a
methanol/oleic acid molar ratio equal to concerdrabf enzyme in the range 4 to 9. It
is possible to obtain a complete reaction with alameatio of 4 and an enzyme
concentration of 4%, as also 9 and 9% respectively.

For values of enzyme concentration above 6, areass of the molar ratio up to
about 5 benefits the reaction, but the conversi@crehse for higher enzyme
concentration values.

The oblique arrangement of curves in contour pholicates that the interaction is
significant in the tested model.

The maximum value of the Equation 3 was over 100%g to the mathematical
extrapolation, which corresponded to the conditiohsa molar ratio of 6.32 and an
enzyme concentration of 6.64%. This point was testgerimentally and a conversion

of 100% was obtained.
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Figure 5: Response surface for experimental designs of blas of esterification

with methanol.

Figure 6 : Contour plot for experimental designs of 2 vamabbf esterification with

methanol.
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Effect of enzyme/oil ratio and Ethanol/oil ratio

Two different designs of experiments were defiféidst, a central composite design
22 (Table 6) was used and then a factorial desfgfT@ble 7) was defined on the region
with the conditions of higher conversion valuese Bm of this procedure was to obtain
a good response surface that would allow us to fimel optimal conditions of the

reaction.

Table 6: Levels of variables for central composite desigfo? ethanol.

Levels
Variables -1.414 -1 0 1 1.414
R 0.26 1.5 4.5 7.5 8.75
E 0.17 1 3 ) 5.83

Table 7: Levels of variables for factorial desighfar ethanol.

Levels

Variables -1 1
R 3 6
E

For the statistical analysis the experimental v&lobktained from both experimental
designs of two variables, factorial and central posite design were considered. Based
on these results it was possible to create a semat®st mathematical model for studied
parameters and their interaction, represented oatem 5.

The equation generated by the second order matlwain@iodel for the experimental
designs of two variables for esterification withaol is

wxy¥  3V{KU KI'L Y IUMF 3 KUL\Y TUMEKY 3 17K{{ (5)
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From the analysis of Pareto chart and the tableegifession coefficients (Figure 7

and Table 8) can be observed that the interactimanel/oleic acid molar ratio-enzyme

concentration (RxE) is the only factor that has statistical significance with a

confidence level of 90%. The enzyme concentrasaheé most significant variable.

Figure 7 : Pareto chart for experimental designs of 2 vaesblf esterification with

ethanol.

The correlation of the model is 0.760, which can d@nsidered acceptable

considering that we are working with biologicalalgsts. The value of F calculated is
good when compared to the tabled;{k0.=2.39) as shown in the ANOVA table.

Table 8 : ANOVA table for experimental designs of 2 variabtd esterification with

ethanol
Source SS DF MS F P
Regression 7814.24 5 1562.85
Residuals 2464.56 12 205.38 7.610 0.00197
Total 10278.80 17
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Based on the response surface and contour platssesged on Figure 8 and Figure 9
the conditions that result on a higher conversibetbyl esters can be identified. It is
possible to verify that the area with higher cosiar (>80%) lies between a molar
ratio of 3 and 7 and an enzyme concentration betwleend 7%. These graphs indicate
that the conversion increases with increasing ethaeic acid molar ratio up to about 5
and there is a decrease on the conversion for higb&ar ratio values. The increase in
enzyme concentration has a positive effect in nespaip to values of about 6%, and
from that value, the conversion decreases.

The maximum value of the Equation 5 was about 93 whéch corresponded to the
conditions of a molar ratio of 4.87 and an enzyroecentration of 5.65%. The result
obtained experimentally for these conditions was®5 a value close to expected,

confirming the suitability of the model.
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E

Figure 8 : Response surface for experimental designs ofialMas of esterification

with ethanol.

Figure 9 : Contour plot for experimental designs of 2 vamghdf esterification with
ethanol.
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Study of the Temperature influence on the reaction

The influence of the temperature on the reactios pr@sented in Figure 10. As can
be seen, the conversion increases monotonously witteasing temperature when
ethanol is used for the range of values studied.nfri@hanol the conversion increases
up to approximately 50 °C and decreases with isangatemperature for higher
temperatures. This behavior can be explained byatttethat methanol is more adverse
to the enzyme than ethanol. So, for higher tempegat the enzyme is deactivated by

methanol leading to lower conversions.

I( "0
Figure 10: Influence of the temperature on the reaction ugirg-) methanol or

(—) ethanol. Reaction Conditions: 2% Novozym435, R£5D rpm.

Study of pressure effect

Esterification reaction was carried in a stainlsteel cell in which the pressure is
varied, keeping all other parameters constantsigh pressure cell made in stainless
steel was especially developed for the effect. fEaetion occurs inside the cell that was
carried on an incubator with orbital stirring att@) 150 rpm for 3 hours. Molar ratio

methanol/oleic acid were 10 and 3% of enzyme péagen The pressure is induced by
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injecting ntrogen directly into the cell, through a flexiblagh pressure capillar
connected to a gas line. The pressure is measwea $etra pressure transduc
previously calibrated, thahenaged to the gas line and with accuracy better tha%o
Figure 11 showssterificatiol yield conversion in function of pressure and retipely

standard deviatiarEach point was obtained by the medium of two erpental test:

90% -

80% -

o { 1 } | I
70% - §
60% -

50% {

Yield

20%

10%

0%

0 50 100 150 200
Pressure {bar)

Figure 11: Esterification yield conversion in function of psese and respective
standard deviatio

Esterification reaction of oleic acid catalyzed bgWdzym 435 is benefited by bei
carried out at a pressure of between 90 ancbar. Ressure around ! bars allows an

increase in 38% in thgeld of esterification reaction.

Study of the Reusability of theimmobilized enzyme

The results obtained for the study of the ability of the enzyme are shownFigure
13. Can be verified that, in the case of enzymatierdgation of oleic acid witt
ethanol, doesn’t occur a significant loss of enzyauotvity after ten cycles. In the ca
of methanol there is aignificant decrease in conversion caused by aedser ir

enzyme activity as a consequence of the deleteaffast of methanc
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Figure 13: Study of immobilized enzyme reuse usi—) methanol or—) ethanol.

ReactionConditions: 2% Novozym435, R=6, 40°C, 150 .

CONCLUSIONS

In the enzymatic esterification of oleic acid withethanol the most significa
variable is the methanol/oleic acid molar ratiof iunen the methanol is replaced
ethanol it is observed thtte variable most significant is the enzyme coneiain.

The interaction molar rat-enzyme concentration is much more significant om
enzymatic esterification with methanol than withagtol

According to the second order mathematical equatiin conditions with the
maximum conversion were R=6.32 and E=6.64% for ar&th>100% of conversiol,
and R=4.87 and E=5.65% for ethanol .4% of conversion). The experimental vali
were 95.5% and 100% for methanol and ethanol, otispéy. For methanolyis
reaction with 4% of enzyme and 4 for ratio it's agh conditions to obtain 100% yie

The conversion increases with increasing tempegatdren ethanol is used for t
range of values studied. Forethanol the conversion increasgs tc approximately

50°C and decreases with increasing temperatungpfoer value:
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Esterification reaction of oleic acid catalyzed Mgvozym 435 is benefited by being
carried out at a pressure of between 90 and 150baitrogen, which pressure is
obtained a yield 38% higher.

The same enzyme can be used 10 times in the eneyes&rification of oleic acid
with ethanol without significant loss of enzymadictivity by washing the immobilized
enzymes resin with distilled hexane at the enchchdest.

It was verified by the study of temperature infloenby the fact that the molar ratio
between the alcohol and oleic acid is the varialigh higher significance on
esterification with methanol, contrary to esteafion with ethanol, and in the study of
enzyme reuse, that methanol is more deleteriotiseetenzyme than ethanol.
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First section presents the biodiesel propertiesiwvhiere measured and modelled on
this thesis.

Density and Viscosity of biodiesel and its pure poments have now new reliable
data in a wide range of temperature, as well @asrange of pressure for the density.

New experimental data of density and viscosity ofepsaturated and unsaturated
methyl and ethyl esters and biodiesel of differamt material in a temperature range of
273K to 363K and atmospheric pressure are presehlexd were studied 15 methyl
esters which 6 are unsaturated compounds (withiZipsaturated) and 10 ethyl esters
which 3 are unsaturated, as well as 8 differentliesel samples, fatty acid methyl
esters, produced in our laboratory.

An extensive critical review of the data availafide these systems was carried out
to identify spurious or poor quality data among tieen conflicting data previously
found in the literature. For biodiesel fuels theklaf information about its composition
limited the utility of most data available in thpem literature.

The performance of predictive models for these griogs was evaluated. GC-VOL
model was tested for density as its group contidbutnethods, it can predict the
property directly from their structure. GC-VOL maddshows to be able to predict
density of pure methyl and ethyl esters with deeret lower than 1% for saturated
esters and 2% for unsaturated. In order to imppredictive ability of GC-VOL model
to this type of compounds, new coefficients wergppsed. Thus deviations of density
of pure esters were reduced to 0.25% and for ksetlie 0.37%.

Group contribution models were evaluated in préaliciof pure esters viscosity.
Ceriani & Meirelles model provide a fair descriptiof viscosity of fatty acid esters
with a global average deviation of 8.8% while Maor&& Gani model presents an
average deviation of 20.9% for overall pure esters.

Several models were tested in biodiesel viscosugluation. Yuan, Ceriani &
Meirelles and Krisnangkura models present averageaton of 5.34%, 8.07% and
7.25%, respectively. A revised Yuan’'s model wasppeed which provides the best

description of experimental data with an averageatien of 4.65%.
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Density at pressures up to 45 MPa was also measur8dpure methyl esters and 8
biodiesels fuels. High pressure experimental dageeveuccessfully predicted with the
CPA Eo0S, with a maximum deviation of 2.5%.

To understand the biodiesel cold flow performart&ts on the phase equilibria of
biodiesel below the CP were measured. The UNIQUA&liptive model is shown to
be capable of providing an adequate representatidhe phase equilibria for these
systems below their cloud point.

A large number of properties depend on the estesfle of biodiesel, such as
density, viscosity, iodine index, and CFPP. Thesofiye of this study is to evaluate the
properties of biodiesel oils obtained from differeamv materials. Biodiesels made from
feedstock containing higher concentrations of mglting point saturated long-chain
fatty acids tends to have poor cold flow propertié®diesel made from raw material
with higher concentrations of unsaturated long4tHaity acids presents low resistance
to oxidation as expressed by a high iodine value.

Water solubility data on biodiesels were measuradl rmodelled. The good results
obtained for water + fatty acid mixtures, for theitoal solubilities of water + ester
binary system, and for the solubility of water ilodiesel encourage the application of
the CPA EoS for the design of extraction unitsféaty acid an biodiesel production.

In second section the study of enzymatic estetibioaof oleic acid catalyzed by
Novozym 435 was presented. Different results wétained for reaction with methanol
or with ethanol. For the first alcohol, less qugnof enzyme and also less excess of
alcohol are necessary to achieve 100% vyield. Hsiion reaction is benefited being

carried out under pressure, obtained a yield 38gdriwith just 90 bar.
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ldeas to the future

In consequence of environmental, economical anad jpdditical turmoil, caused by
the excessive use and dependency of conventiotralgaeam based fuels the attention of
several countries has been addressed towards Ye®dment of alternative fuels from
renewable resourcés.

The world has got so accustomed to using petrothelswe never realized that they
came with an expiry date. Who can imagine a worithout planes, cars and trains?
Many scientists have started researching alteresitio the fuels that we use. These
alternatives need to be lasting and renewabletur@alnitial attempts at replacing fuels
with electricity to run cars have proved succesdfildwever, the performance of these
cars does not match that of the conventional petrdiesel-run engines. So it becomes
necessary to replace existing fuels and biodiggatars as an alternative.

After examining the pros and cons of biofuels, wayrbe left wondering if they are
really worthwhile and right for us. On one hand fbeds could potentially reduce
carbon emissions and can help save cash too; buherother hand biofuels can
negatively affect the habitat of many species amth’'inecessarily energy efficient at
the production stage.

With the increase in global human population, marel may be needed to produce
food for human consumption (indirectly via anime¢d). The problem already exists in
Asia. Vegetal oil prices are relatively higher #heffhe same trend will eventually
happen in the rest of the world. This is the poatmhallenge to biodiesel. From this
point of view, biodiesel can be used most effetyivas a supplement to other energy
forms, not as a primary source. Biodiesel is paldidy useful in mining and marine
situations where lower pollution levels are impotta

Perhaps the biggest hope for biofuels is that theah of second and third generation
alternatives should lead to more efficient productand diversify the plants as well as
plant wastes used — therefore limiting the effégtany particular habitat. Biofuels are

very much a work in progress.
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The studies on biofuels are important but evewstil diesel will not be completely
substitute by biofuels, it can reduce our depeneémen those kind of non renewable

source of energy.
Even though future discoveries and inventions ineveable energy might be

surprising, it is nonetheless important for us t&rtslearning how to consume energy

more sensibly
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